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Development  of  A  Novel  Approach  for  Fatigue  Life  Prediction  of 

Structural  Materials 

SUMMARY 


The  objectives  of  the  research  are  to  (i)  bridge  the  two  stages  of  fatigue  process  by 
developing  an  innovative  and  robust  approach  for  the  fatigue  damage  assessment  of  structural 
materials,  (ii)  develop  numerical  models  for  accurate  and  reliable  elastic-plastic  stress  analysis, 
(iii)  demonstrate  the  viability,  suitability,  and  superiority  of  the  approach  with  benchmark 
experiments  and,  (iv)  develop  an  accurate  internal  stress  analysis  model  that  can  be  incorporated 
into  the  two-parameter  (AK-Krnax)  methodology  to  consider  the  short  crack  and 
overload/underload  effects. 

Extensive  experiments  were  conducted  to  study  the  fatigue  initiation  and  crack  growth  of 
four  structural  materials:  aluminum  7075T651  alloy,  stainless  steel  AL6-XN,  stainless  steel  304L, 
and  Aerospace  Steel  4340.  Fatigue  and  cyclic  plasticity  experiments  were  conducted  to  explore 
the  fundamental  deformation  and  fatigue  properties  of  the  structural  materials.  By  using  the 
aluminum  alloy,  it  was  experimentally  confirmed  that  fatigue  can  occur  under  compression- 
compression  loading.  Results  from  multiaxial  fatigue  experiments  revealed  that  the  fatigue 
cracking  behavior  was  material  dependent  and  loading  amplitude  dependent.  Under  cyclic  pure 
shear  loading,  the  S-N  curves  of  aluminum  alloy  7075T651  and  stainless  steel  AL6-XN 
displayed  a  distinct  kink  that  was  related  to  a  change  in  the  cracking  behavior.  Several 
multiaxial  fatigue  criteria  were  evaluated  by  using  the  experimental  crack  initiation  results. 

The  comprehensive  crack  growth  experiments  on  the  structural  materials  provided  a  solid 
base  to  understand  the  influences  of  different  factors.  The  /?-ratio  affected  the  crack  growth  of 
all  the  four  materials  under  investigation.  For  the  aluminum  alloy  and  AL6-XN  stainless  steel,  a 
single  overload  resulted  in  an  immediate  reduction  in  the  crack  growth  rate  in  the  subsequent 
loading.  For  the  A1S1  304L  alloy  and  4340  aerospace  steel,  a  short-lived  increase  in  crack 
growth  was  observed  right  after  the  application  of  an  overload.  Such  an  increase  in  crack  growth 
rate  is  especially  pronounced  in  4340  material.  The  crack  growth  rate  decreased  and  reached  a 
minimum  rate  before  it  gradually  approached  to  the  stable  crack  growth  observed  under  constant 
amplitude  loading.  The  crack  growth  behavior  under  high-low  sequence  loading  displayed  a 
similar  phenomenon  to  that  was  observed  for  the  overload.  The  two-parameter  (AK-Kmax)  model 
was  found  to  be  able  to  model  the  /?-ratio  effect  well  for  all  the  four  materials  under  investigation. 
By  considering  the  plastic  zones  created  by  the  applied  load,  the  driving  force  concept 
combining  AK  and  Kmax  can  be  used  to  model  the  overload  effect  and  the  high-low  loading 
sequence  effect.  The  new  approach  based  upon  cyclic  plasticity  and  crack  initiation  of  the 
material  was  found  to  be  promising  for  the  prediction  of  the  crack  growth  from  a  notch,  the  R- 
ratio  effect,  and  the  effect  of  the  overload. 
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I.  EXPERIMENTS 


1  70705-T651  ALUMINUM  ALLOY 

Aluminum  alloys  are  widely  used  in  the  aircraft  industry  due  to  the  high  strength-to-density 
ratio.  Extensive  studies  have  been  conducted  to  understand  the  fatigue  behavior  of  aluminum 
alloys  over  the  years.  Most  experimental  studies  on  aluminum  alloys  were  concentrated  on 
uniaxial  tension-eompression  loading  with  the  mean  stress  effeets  [1-4].  Stress-life  and  strain- 
life  methods  are  often  used  based  on  the  stabilized  stress-strain  hysteresis  loops.  It  is  often  found 
that  in  the  lower  plastie  strain  region,  the  Coffin-Manson  relationship  does  not  obey  the  single 
slope  behavior  for  the  aluminum  alloys.  Endo  and  Morrow  [1]  observed  that  the  usual  linear 
log-log  relationships  between  the  fatigue  life  and  the  elastie  and  plastie  strains  did  not  provide  an 
adequate  correlation  of  the  experimental  results  for  2024-T4  and  7075-T6  aluminum  alloys. 
Sanders  et  al.  [5]  showed  that  the  plots  of  the  plastie  strain  amplitude  versus  the  fatigue  life  for 
the  aluminum  alloys  reflected  the  linearity  of  the  Coffin-Manson  relationship  down  to  a  critical 
level  of  plastie  strain.  The  deviation  of  the  fatigue  results  of  the  aluminum  alloys  from  the  single 
slope  behavior  of  a  Coffin-Manson  plot  was  related  to  the  relative  inability  of  the  mierostrueture 
to  develop  homogenous  slip  during  low  plastic  strain  cyeling.  Fatemi  et  al.  [6]  applied  a  bi¬ 
linear  relationship  to  the  stress  amplitude  versus  fatigue  life  curve  of  14  aluminum  alloys, 
ineluding  7075  aluminum  alloy.  It  was  shown  that  the  bi-linear  S-N  model  provided  a  better 
representation  of  the  data  than  the  eommonly  used  single  slope  linear  approach. 

On  the  mierostructural  level,  it  was  observed  that  craeked  constituent  partieles  represented 
the  majority  of  the  observed  fatigue  eraek  nueleation  sites  in  several  aircraft  aluminum  alloys 
[7].  These  constituent  particles,  which  are  inherent  in  the  material,  are  formed  during  the  cooling 
process  when  some  of  the  alloying  elements  solidify  more  rapidly  than  the  aluminum.  The 
distribution  of  these  partiele  sizes  was  treated  as  the  initial  eraek  sizes  in  predieting  fatigue  life 
[7],  A  microstructure  based  multiscale  fatigue  model  was  developed  to  estimate  the  fatigue 
behavior  of  7075  aluminum  alloy  with  the  consideration  of  damage  incubation,  mierostrueturally 
small  crack  growth,  and  long  crack  growth  [8]. 

Despite  comprehensive  work,  many  questions  remain  to  be  answered.  Limited  efforts  have 
been  made  on  the  multiaxial  fatigue  study  of  the  aluminum  alloys.  Particularly,  the  cracking 
behavior  of  the  aluminum  alloys  under  different  stress  states  has  not  been  well  investigated.  In 
the  current  study,  extensive  fatigue  experiments  were  conducted  on  7075-T651  aluminum  alloy 
under  uniaxial,  torsion,  and  axial-torsion  loading.  Different  mean  stresses  were  applied  in  the 
experiments  to  study  the  mean  stress  effeet  on  fatigue  behavior.  Craeking  behavior  under 
different  stress  states  was  studied.  Fatigue  under  compression-compression  loading  was 
experimentally  investigated.  The  Smith-Watson-Topper  (SWT)  fatigue  criterion  and  a  modified 
SWT  parameter  were  evaluated  based  on  the  experimental  results. 

In  addition,  series  of  eraek  propagation  experiments  were  eondueted  on  notehed  standard  and 
non-standard  eompaet  tension  (CT)  specimens.  The  experiments  were  designed  to  examine  the 
effeet  of  R- ratio,  overloading,  underloading  and  high-low  sequential  loading  under  Mode  I 
loading.  The  eraeking  behavior  of  the  material  under  a  combined  loading  of  Mode  I  and  Mode  II 
was  also  studied.  Notch  effects  on  the  fatigue  behavior  of  the  material  are  examined.  Finally,  an 
experimental  investigation  of  eraek  propagation  in  mixed  Mode  I  and  Mode  III  conditions  under 
combined  axial-torsion  loading  was  performed. 
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1.1  MATERIAL 


The  as-received  materials  were  in  cold-rolled  state  with  three  different  geometries:  plate  with 
a  thickness  of  5  mm  and  cylindrical  bars  with  diameters  of  38  mm  and  25.4  mm,  respectively. 
The  materials  were  acquired  commercially  in  different  stocks.  An  inspection  of  the 
microstructure  was  conducted  to  identify  whether  or  not  the  materials  were  practically  identical. 
Figure  1  shows  the  optical  microstructures  of  the  three  batches  of  the  materials  used  in  the 
current  investigation.  Each  stereography  was  synthesized  from  three  microstructures  taken  on 
the  sections  perpendicular  to  the  rolling  (x)  direction,  the  normal  (y)  direction,  and  the  transversal 
(z)  direction.  The  etchant  used  in  microscopic  examination  was  Keller’s  reagent  (2ml  HF  (48%), 
3ml  HC1,  5ml  HNO3,  190  ml  H2O).  Dark  particle-like  precipitates  in  the  microstructures  are 
Cr2Mg3Alis  and  (Fe,Mn)Alfi. 


(a)  Plate  (b)  38  mm  diameter  bar  (c)  25.4  mm  diameter  bar 

Fig.1  Stereographic  microstructure  of  the  70705-T651  ALUMINUM  ALLOY 

For  the  plate  specimen,  equiaxial  grains  were  observed  on  the  rolling  plane  (section 
perpendicular  to  the  normal  direction).  The  grain  size  varies  from  10  microns  to  100  microns. 
The  average  grain  size  is  approximately  50  microns.  On  the  sections  perpendicular  to  the  rolling 
direction  and  the  transverse  direction,  fibrous  grains  were  observed.  The  average  thickness  of 
grains  is  approximately  7  microns.  It  is  a  typical  microstructure  after  cold  rolling  (disk-like 
grains).  The  two  types  of  bars  with  different  diameters  have  practically  identical 
microstructures.  On  the  section  perpendicular  to  the  axis,  the  grain  size  ranges  from  1 0  microns 
to  40  microns.  On  the  section  parallel  to  the  axis,  fibrous  grains  are  observed.  The  average 
length  of  grains  along  axial  direction  is  about  70  microns.  It  is  a  typical  microstructure  after 
cold-drawn  or  cold  extrusion  (fibrous  grains). 

Regular  monotonic  experiments  were  conducted  to  determine  the  static  material  properties  of 
the  material  and  the  results  are  summarized  in  Table  1.  The  true  fracture  stress  and  the  true 
fracture  strain  of  the  material  were  obtained  by  conducting  a  monotonic  torsion  experiment  using 
the  solid  shaft  specimen.  Figure  2  shows  the  shear  stress-shear  strain  curve  obtained  from  a 
round  solid  specimen  subjected  to  monotonic  torsion.  The  surface  strain  was  measured  by  using 
an  extensometer  and  the  surface  stress  was  determined  following  the  Nadai’s  formula  [9].  The 
torsion  of  a  solid  shaft  can  provide  an  experimental  means  to  determine  the  true  fracture  stress 
and  true  fracture  strain. 
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Table  1  Static  materialproperties  of  7075-T651 


Elasticity  Modulus,  E 
Shear  Modulus,  G 
Poisson’s  Ratio,  // 

Yield  Stress,  cr02 

Ultimate  Strength,  Su 

Elongation,  e} 

Reduction  in  Area,  RA 
True  Shear  Fracture  Stress,  r, 

True  Shear  Fracture  Strain,  yf 


71.7GPa 
27.5GPa 
0.306 
501  MPa 
561  MPa 
9.7% 
29.1  % 
379  MPa 

0.42 
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Fig. 2  Shear  stress-shear  strain  curve  obtained  from  monotonic  torsion  of  solid  shaft 

specimen 


1.2  CRACK  INITIATION  EXPERIMENTS  UNDER  CONSTANT  AMPLITUDE  LOADING 
1.2.1  Specimens  and  testing  equipment 

Four  types  of  smooth  specimens,  as  shown  in  Fig.3,  were  used  for  fatigue  and  deformation 
experiments.  They  were  uniaxial  dog-bone  shaped  plate  specimens  (Fig.3(a)),  uniaxial  solid 
cylindrical  specimens  (Fig. 3(b)),  solid  cylindrical  specimen  for  torsion  (Fig.3(c)),  and  tubular 
specimens  for  axial-torsion  loading  (Fig.3(d)).  The  dog-bone  plate  specimens  were  machined 
from  a  large  plate.  Both  the  uniaxial  cylindrical  solid  specimen  and  the  specimens  for  torsion 
were  fabricated  from  a  cylindrical  bar  with  a  diameter  of  25.4  mm.  A  solid  bar  with  a  diameter 
of  38mm  was  used  to  fabricate  the  tubular  specimens. 
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Fig. 3  Specimens  and  loading  conditions  (all  dimensions  in  mm) 


Fig.4  Loading  paths  for  axial-torsion  loading  using  tubular  specimens 


The  loading  conditions  for  four  types  of  specimens  are  illustrated  in  Fig. 3.  For  the  tubular 
specimens,  Fig.4  shows  the  six  loading  paths  used  in  the  axial-torsion  experiments.  Figure  4(a) 
is  pure  shear  loading,  and  Fig.4(b)  is  the  loading  case  with  fully  reversed  shear  and  a  static  axial 
stress.  Figure  4(c)  is  the  proportional  loading  path.  Figure  4(d)  is  a  circular  shaped  axial-torsion 
nonproportional  loading  path.  Loading  paths  shown  in  Fig.4(e)  and  Fig.4(f)  are  nonproportional 
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loading  paths  with  the  ratios  of  the  torsion  loading  frequency  over  the  axial  loading  frequency 
being  two  and  four,  respectively. 

An  Instron  Servohydraulic  tension-torsion  load  frame  was  used  for  the  fatigue  experiments 
using  the  solid  cylindrical  specimens  and  the  tubular  specimens  shown  in  Fig.3.  The  testing 
system,  which  has  a  capacity  of  ±2800  N-m  in  torque  and  ±222  kN  in  axial  load,  is  equipped 
with  the  Instron  8800  electronic  control,  computer  control,  and  data  acquisition.  A  12.7mm  gage 
length  uniaxial  extensometer  was  used  for  the  measurement  of  the  strain  in  the  gage  section  of 
the  uniaxial  specimen.  The  extensometer  has  a  range  of  ±5%  strain.  For  the  tubular  specimens 
and  the  specimens  for  torsion,  a  modified  MTS  extensometer  was  attached  to  the  gage  section  of 
the  specimen  to  measure  the  axial,  shear,  and  diametral  strains.  The  extensometer  had  a  range  of 
±  5%  in  the  axial  strain,  a  range  of  ±  3  degrees  in  the  torsion  deformation,  and  0.25  mm  in  the 
diametral  direction.  An  Instron  8870  load  frame  with  8800  electronics  and  computer  control  was 
used  for  some  of  the  uniaxial  fatigue  experiments  using  the  plate  specimens.  The  load  cell  of  the 
testing  machine  has  a  capability  of  ±25kN  axial  load.  All  the  experiments  were  conducted  in 
ambient  air. 

1 .2.2  Results  of  experiments 

The  detailed  experimental  fatigue  results  were  summarized  in  Tables  2~5  and  shown  Figs. 
5~9. 


Table  2  Results  from  plate  and  dog-bone  cylindrical  uniaxial  specimens 
a)  Dog-bone  cylindrical  uniaxial  specimens  under  fully  reversed  strain-controlled  loading 


Spec 

# 

As 

2 

% 

Aa 

2 

MPa 

MPa 

Nf 

cycles 

Spec 

#. 

As 

2 

% 

Act 

2 

MPa 

MPa 

cycles 

TorS43 

3.09 

630  8 

-0.2 

25 

TorS37 

0.51 

361.6 

-3.6 

9,112 

TorS45  2 

2  55 

614.0 

-2.3 

58 

TorS32 

042 

299.6 

1.5 

27,011 

TorS41 

2.02 

592.9 

-3.3 

73 

TorS33 

0.34 

240.0 

1.1 

99,287 

TorS44 

1.53 

567  5 

-5.2 

125 

TorS38 

0.28 

200.2 

0.6 

919,687 

TorS39  2 

1.23 

555  2 

-7.8 

194 

TorS34  1 

021 

150  0 

0.4 

1,063,477 

TorS40 

1.02 

533  8 

-7.2 

390 

TorS45  1 

0.30 

214  9 

1.0 

1,090,639 

TorS34  2 

0.81 

512  2 

-7.3 

794 

TorS39  1 

0,29 

210  1 

1  4 

1,108,763 

TorS36 

0.72 

485.5 

8.9 

917 

TorS35 

0.56 

400  1 

2.8 

3,073 

TorS42 

0.49 

349.7 

2.1 

7,144 

As/ 2=  axial  strain  amplitude,  Acr/2  =  axial  stress  amplitude,  an  =mean  stress,  n  f  =  fatigue  life 


Note.  TorSxx_1  (xx  is  the  specimen  number)  was  tested  without  failure  and  TorSxx_2  was  the 
same  specimen  tested  after  the  first  step  The  second  step  usually  had  a  much  higher  load 
amplitude  than  that  of  the  first  step. 
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b)  0°  plate  specimen 


Spec 

No. 

Ae 

~T 

% 

A  a 

~T 

MPa 

MPa 

Ni 

cycles 

Spec 

No. 

Ac 

~2~ 

% 

A  a 

~Y 

MPa 

MPa 

Nf 

cycles 

0-56 

4  00 

627.5 

3.5 

5 

0-17 

0  29 

210.2 

15.5 

109,557 

0-55 

3.92 

625  2 

5.7 

7 

0-12 

0  27 

191.4 

0.7 

116,333 

0-53 

2.92 

600.1 

-1.3 

14 

0-41 

0.22 

157  0 

0.7 

182,900 

0-52 

243 

584.5 

-2.9 

15 

0-28 

0.24 

167  4 

0.6 

624,994 

0-51 

2  44 

583.8 

-1.8 

34 

0-29 

0  21 

154  1 

-0  1 

1,079,668 

0-34 

1.53 

537  9 

-4  3 

45 

0-25 

0.40 

268  1 

268  2 

5,275 

0-39 

1.23 

5284 

-8  7 

112 

0-19 

0  41 

284  7 

221.3 

6,144 

0-32 

1.02 

511.5 

-9  3 

200 

0-23 

0  40 

280.1 

159  9 

12,288 

0-57 

0.91 

509.5 

-132 

415 

0-22 

0.32 

220.1 

220  0 

17,885 

0-33 

0.82 

493.2 

-74 

512 

0-21 

0  29 

200.5 

200.5 

34,956 

0-10 

0.71 

489.3 

02 

945 

0-24 

0  25 

177.6 

177.7 

54,680 

0-18 

0.65 

488.4 

-39  0 

713 

0-20 

0  21 

146.6 

146.6 

209,237 

0-03 

0.60 

434.5 

-36  0 

3,357 

0-27 

0  19 

133.0 

133  1 

1,075,867 

0-16 

0.61 

435.7 

73  0 

2,055 

0-26 

0.17 

118.7 

118  7 

1,283,726 

0-36 

0.64 

455.5 

-5  8 

2,635 

0-67 

0  19 

143,9 

240  4 

79,324 

0-05 

0  46 

333.2 

-22  2 

9,010 

0-69 

0.67 

455.5 

54.2 

871 

0-01 

0  51 

368.8 

-54  4 

11,504 

0-68 

0.58 

404.0 

103.8 

1,045 

0-15 

0.41 

301.8 

39.1 

22,121 

0-70 

0.50 

353.7 

152.5 

2,862 

0-38 

0.42 

299.3 

1.3 

27,788 

0-71 

0.29 

203.2 

303.5 

7,315 

0-04 

0  42 

299.3 

-34  4 

40,930 

0-73 

0  22 

153.0 

354  8 

14,782 

0-31 

0  37 

262.4 

1  2 

47,740 

0-72 

0  17 

121.7 

384  6 

24,979 

0-06 

0.36 

258.1 

1.2 

55,470 

0-54 

0.16 

108.4 

497.5 

11,639 

0-07 

0  31 

222.1 

1.0 

51,717 

0-59 

0  11 

75.7 

432.1 

245,801 

0-35 

0  31 

222.0 

1.1 

58,666 

0-55 

0.10 

70.7 

435.8 

1,608,028 

Ae / 2  =axial  strain  amplitude,  a<x/2  =  axial  stress  amplitude,  am  =mean  stress,  yv ,  =  fatigue  life 
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c)  90°  plate  specimen 


Spec 

No. 

A  £ 

~2 

% 

Act 

~T 

MPa 

MPa 

Nf 

cycles 

Spec 

No. 

Ae 

T 

% 

Act 

~T 

MPa 

MPa 

N, 

cycles 

90-69 

3  51 

633.7 

-5.3 

4 

90-31 

0.23 

161.9 

0.5 

1,450,963 

90-41 

0.97 

5159 

-15.2 

175 

90-30 

0.22 

155  3 

04 

1,117,723 

90-37 

1  07 

522  1 

-14.3 

232 

90-24 

0  40 

268.1 

268  0 

4,012 

90-39 

0.72 

478.8 

-14.6 

759 

90-19 

0.42 

293  1 

92  4 

20,691 

90-09 

0.77 

497.2 

-21.7 

788 

90-21 

0.32 

222.2 

221.9 

20,306 

90-13 

0.70 

486,0 

-7.4 

884 

90-22 

0.29 

200  5 

200.4 

25,645 

90-17 

0.73 

492.7 

11.5 

1,212 

90-23 

0.25 

175.9 

175.9 

45,294 

90-40 

0.62 

439  9 

3.2 

1,265 

90-25 

0.25 

175  7 

175.8 

45,967 

90-06 

0  62 

444.0 

-9.9 

1,880 

90-26 

0.19 

133  0 

133.0 

196,177 

90-15 

0.67 

473.7 

-17.6 

2,268 

90-28 

0.18 

127.2 

127.3 

210,014 

90-18 

0.47 

395.9 

-44.7 

2,299 

90-20 

0.21 

147.7 

147.6 

227,619 

90-02 

0.53 

378.3 

-31.3 

4,429 

90-34 

0.18 

122.8 

122.8 

716,425 

90-42 

0.52 

370.2 

2.7 

9,035 

90-29 

0.18 

124  8 

124.8 

932,194 

90-07 

0.42 

300.1 

-19.6 

18,120 

90-27 

0.17 

120.1 

120.1 

1,271,590 

90-14 

048 

349.3 

-16.9 

21,053 

90-35 

0.17 

121.2 

121.3 

1,415,524 

90-08 

0.36 

259.9 

1.3 

40,443 

90-58 

1.12 

557.7 

69.0 

17 

90-03 

0  35 

250.0 

1.2 

42,650 

90-59 

0.96 

549.2 

95.5 

22 

90-10 

0.32 

222.6 

1.0 

104,240 

90-60 

072 

507.3 

129.4 

405 

90-16 

0.32 

228.3 

-12.5 

164,041 

90-61 

046 

323  5 

282.9 

1,674 

90-12 

0.28 

190.6 

0.7 

131,072 

90-62 

0.31 

218.1 

390  0 

3,649 

90-38 

0.22 

161  6 

0  1 

394,116 

90-53 

0.15 

101  8 

405.8 

28,813 

90-32 

0  24 

173.7 

04 

625,893 

90-52 

0.12 

82.0 

425.5 

141,596 

90-66 

0.21 

144.8 

-0.8 

865,205 

90-55 

0.13 

91.9 

413.7 

233,252 

90-33 

0.23 

168.4 

06 

1,091,584 

Ae / 2  =axial  strain  amplitude,  Act  / 2  =axial  stress  amplitude,  am  =mean  stress,  n  ,  =  fatigue  life 


Table  3  Uniaxial  loading  with  compressive  mean  stress 


a)  One  step  loading 


Spec 

# 

Ae 

~T 

% 

Act 

~2~ 

MPa 

MPa 

N, 

cycles 

Spec 

# 

A£ 

~ 

% 

Act 

~2~ 

MPa 

MPa 

Nf 

cycles 

0-74 

0  55 

397.0 

-96.9 

6,513 

0-66 

0.35 

313.1 

-278.8 

464,808 

0-76 

0.48 

347.4 

-147.0 

18,217 

90-51 

0  27 

198.7 

-99.9 

368,183 

0-75 

0.41 

297.1 

-197.0 

115,601 

90-56 

0  40 

295.5 

-246  4 

405,747 

0-58 

0.40 

310.2 

-262  6 

212,001 

90-63 

0  38 

316.3 

-285  6 

429,914 

0-77 

0  34 

249.2 

-148.2 

222,563 

90-64 

0.40 

315.0 

-292  1 

565,104 

0-60 

0  38 

278.6 

-215.0 

226,682 

90-57 

0.37 

273.3 

-223  5 

603,299 

0-61 

0.32 

237.5 

-161.6 

288,283 

90-65 

0.38 

315.3 

-297.6 

696,820 

0-64 

0.31 

228  3 

-169.1 

291,220 

90-72 

0.39 

300.9 

-302.1 

750,172 

0-65 

041 

305.0 

-268.1 

383,667 

90-68 

0.39 

307.0 

-298.2 

1,098,940 

0-63 

0  37 

274.0 

-221.5 

406,747 

A£-/2  =axial  strain  amplitude,  Act  /  2  =axial  stress  amplitude,  am  =mean  stress,  a  =fatigue  life 
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b)  Plate  and 


Spec 

No. 

Step 

Ae 

~2 

% 

w  •  W  9mm  ^  m  w 

Act 

~2 

MPa 

w  m  w  i  m  w  »ii  i  v 

a  m 

MPa 

>  WWI  Wl  1  J  V  W  W  1 

N 

cycles 

90-67 

1 

II 

0.41 

305.3 

100.0 

-291.1 
100  0 

498,374 

62 

90-71 

1 

II 

0.42 

301.4 

100.0 

-292.6 

100.0 

472,623 

52 

90-73 

1 

II 

0.38 

300.8 

100.0 

-310.3 

100.0 

802,796 

419 

90-74 

1 

II 

0.38 

292.2 

100.0 

-311.8 

100.0 

880,885 

1,926 

90-75 

1 

II 

0.44 

289.3 

100.0 

-300.3 
100  0 

397,716 

15,473 

90-77 

1 

II 

0.40 

298.3 

100.0 

-299.2 

100.0 

375,132 

3,198 

90-78 

1 

II 

0.36 

274.4 

100.0 

-322  1 
100.0 

982,635 

19,335 

TorS21 

1 

0.41 

308.1 

-3184 

1,000,000 

II 

100.0 

100.0 

29,831 

TorS22 

1 

0.42 

307.4 

-317.2 

2,000,000 

II 

100.0 

100.0 

23,867 

TorS23 

1 

0.39 

285.8 

-290.4 

1,371,663 

II 

100.0 

100.0 

15,353 

TorS24 

1 

0.39 

288.9 

-283.5 

2,781,162 

II 

100.0 

100.0 

49,221 

AW2=axial  strain  amplitude,  Ao-/2=axial  stress  amplitude, 


a m  =mean  stress,  n  =fatigue  life. 
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Table  4  Pure  torsion  and  cyclic  torsion  with  static  axial  load  for  tubular  specimens 


Load 

path 

Spec 

# 

MPa 

a r_ 

2 

% 

Ar 

MPa 

Nf 

cycles 

Observed 
Cracking  Direction 

0° 

Tu31  2 

0 

1.97 

335.2 

152 

90 

Tu18 

0 

1.73 

340.0 

209 

90 

Tu17 

0 

1.21 

315.7 

670 

5 

Tu42  2 

0 

1.07 

286.6 

1807 

90 

Tu35 

0 

0.93 

251.0 

3,537 

90 

Tu16 

0 

0.93 

254.2 

4,291 

90 

Tu36 

0 

0.75 

203.3 

18,842 

90 

Tu30 

0 

0.80 

219.0 

20,271 

90 

(a) 

Tu15 

0 

0.69 

190.3 

178,065 

0 

Tu27 

0 

0.60 

167.8 

308,144 

-45 

Tu24 

0 

0.69 

192.0 

328,816 

0 

TulO 

0 

0.50 

136.5 

403,731 

0 

Tu34 

0 

0.55 

146.9 

428,510 

-43 

Tu28 

0 

0.40 

110.8 

805,783 

46 

Tu37 

0 

0.46 

124.5 

913,545 

-48 

Tu31_1 

0 

0  45 

125.8 

>1,005,181 

- 

Tu39 

0 

0.36 

101.0 

3,867,638 

45 

Tu22 

2000 

0.69 

188.5 

12,739 

0 

Tu23 

-200.0 

0.69 

192.0 

52,986 

90 

Tu25 

293.1 

0.69 

189.8 

4,394 

0 

Tu26 

-293.1 

0.69 

196.7 

84,946 

90 

(b) 

Tu40 

289.8 

0.50 

134.2 

30,192 

0 

Tu41 

288.7 

0.50 

135.4 

25,167 

0 

T  u42_1 

-296.4 

0.51 

138.8 

>2,609,732 

- 

T  u44_1 

-389.1 

0.50 

135.6 

>2,216,739 

- 

Tu44^2 

391.6 

0.50 

131  6 

14,489 

0 

am  =static  axial  stress,  a y  / 2  =shear  strain  amplitude,  Ar  / 2  =  shear  stress  amplitude, 
N  f  =fatigue  life 


Note:  Tu31_1  was  tested  without  failure  and  the  specimen  was  tested  at  a  much  higher 
amplitude  in  a  second  step  Tu31_2. 
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Table  5  Fatigue  experiments  conducted  using  tubular  specimens 


Load 

path 

Spec 

# 

Ae 

~2 

% 

Ay_ 

2 

% 

Act 

~2 

MPa 

Ar 

2 

MPa 

Nt 

cycles 

Observed  Cracking 
Direction 

e° 

T  u06_2 

0.64 

1.1 

370.0 

222.9 

147 

60 

Tu04 

0  50 

0.86 

351.3 

222.0 

1,967 

20 

Tu19 

0.22 

0.78 

165.6 

216.2 

9,174 

90 

Tu20 

0.17 

0.6 

127.2 

170.5 

59,194 

-5 

(c) 

Tu33 

0.23 

0.4 

166.1 

1104 

136,646 

90 

Tu05 

0.28 

0.49 

201.3 

130.0 

45,500 

-49 

Tu32 

0.21 

0.37 

153.5 

100  3 

662,627 

-50 

Tu06  1 

0  19 

0.29 

137.4 

79.7 

>1,018,000 

- 

Tu29 1 

0.18 

0  36 

132  4 

96  8 

>1,031,190 

- 

Tu29  2 

0.85 

1  45 

543.7 

329.4 

146 

5 

Tu02  2 

0.75 

1.30 

497.7 

319.1 

424 

-5 

TuOl 

0.51 

0.87 

377.6 

241.8 

2,487 

-5 

(d) 

Tu21 

0.38 

0.66 

2804 

181.8 

10,191 

0 

Tull 

0.28 

0.49 

200.9 

131.6 

29,439 

-30 

Tu03 

0.27 

0.41 

200.6 

115.8 

41,747 

0 

T  u02 1 

0.19 

0.27 

143  1 

76.4 

>632,258 

- 

Tu09 

0.49 

0.86 

352.0 

232.0 

755 

15 

(e) 

Tu07 

0.28 

0.49 

205.8 

137.5 

35,804 

20 

Tu08 

0.20 

0.32 

147.5 

86.9 

225,000 

-21 

Tu13 

0.36 

0.63 

258  2 

175.6 

1,145 

-30 

(f) 

Tu14 

0  40 

0.70 

295.0 

197.2 

2,301 

-19 

Tu12 

0  28 

0.49 

203.8 

136.3 

12,708 

-20 

Af/2=axial  strain  amplitude,  Ay  / 2  =shear  strain  amplitude,  Acr/2=axial  stress  amplitude, 


Ar/2=shear  stress  amplitude,  n  =fatigue  life 

Note:  Tuxx_1(xx  is  the  specimen  number)  was  tested  without  failure  and  Tuxx_2  was  the  same 
specimen  continuously  tested  at  a  much  higher  loading  amplitude. 


Nf,  Number  of  Cycles  to  Failure 

Fig. 5  Strain-life  and  cracking  behavior  under  fully  reversed  uniaxial  loading 
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Nf,  Number  of  Cycles  to  Failure 

Fig. 6  Stress-life  under  fully  reversed  uniaxial  loading 


Figure  5  and  Fig. 6  show  the  basic  fatigue  data  and  fatigue  cracking  behavior  obtained  from 
the  fully  reversed  uniaxial  loading.  A  data  point  followed  by  a  horizontal  arrow  denotes  a  run¬ 
out  fatigue  experiment.  It  is  evident  that  the  plate  specimens  with  two  different  orientations  and 
the  solid  dog-bone  cylindrical  specimens  yielded  very  similar  fatigue  results.  The  detailed  stress 
amplitude,  strain  amplitude,  and  fatigue  life  for  each  fully  reversed  uniaxial  experiment  are  listed 
in  Table  2. 

The  following  three-parameter  equation  is  used  to  describe  the  strain-life  curve  for  the  fully 
reversed  unixial  fatigue  by  best  fitting  the  experimentally  obtained  data, 

(1> 

where  A^/2is  the  strain  amplitude  and  N t  is  the  number  of  cycles  to  failure.  The  remaining 

three  symbols,  £0 ,  £  and  C ,  are  constants  obtained  by  best  fitting  the  experimental  data.  For 

7075-T651,  £0  =0.00 15,  £=3,  and  C= 0.0003.  The  dotted  lines  in  Fig. 5  are  the  faetor-of-five 

boundaries  from  that  described  by  Eq.(l).  These  two  lines  also  show  the  approximate  scatter  of 
the  experimental  fatigue  life  data  of  the  material  under  investigation. 

A  careful  examination  of  the  cracking  behavior  of  the  fully  reversed  uniaxial  loading 
specimens  reveals  that  when  the  fatigue  lives  are  longer  than  2,000  cycles,  the  cracking  planes 
are  consistently  perpendicular  to  the  loading  axis.  When  the  fatigue  lives  are  lower  than  100 
cycles,  the  normal  of  the  cracking  planes  approaches  ±45°  from  the  loading  axis.  WTien  the 
fatigue  lives  are  in  between  100  and  2,000  cycles,  the  normal  of  the  cracking  plane  from  the 
loading  axis  varies  from  zero  to  ±45°.  A  shear  crack  can  grow  in  one  of  two  ways  [10], 
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illustrated  by  Case  A  and  Case  B  in  Fig. 5.  Case  A  crack  is  due  to  the  in-plane  shear  stress.  Case 
B  cracks  are  the  result  of  out-of-plane  shear.  Case  A  and  Case  B  cracking  were  observed  when 
the  fatigue  lives  are  less  than  2,000  cycles.  Over  the  range  of  the  fatigue  lives  investigated,  a 
smooth  transition  of  the  cracking  behavior  and  a  statistically  smooth  strain-life  curve  were 
observed  from  the  specimens  under  fully  reversed  uniaxial  loading. 


Nf,  Number  of  Cycles  to  Failure 

Fig. 7  Strain-life  of  all  the  uniaxial  fatigue  experiments 


Nf,  Number  of  Cycles  to  Failure 
Fig. 8  Stress-life  of  all  the  uniaxial  fatigue  experiments 


Uniaxial  fatigue  experiments  were  conducted  with  R  -ratios  ranging  from  -oo  to  0.5, 
where  R  is  the  ratio  of  the  minimum  stress  over  the  maximum  stress  in  a  loading  cycle.  The 
fatigue  results  are  shown  in  Figs.  7  and  8.  where  Fig.7  is  the  strain-life  curve  and  Fig.8  is  the 
stress-life  plot.  The  solid  line  in  Fig.7  is  the  strain-life  curve  described  by  Eq.(l)  by  best  fitting 
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the  fully  reversed  uniaxial  fatigue  data.  The  detailed  fatigue  results  under  uniaxial  loading  are 
listed  in  Table  2  and  Table  3.  Figures  7  and  8  clearly  show  that  the  mean  stress  has  a  significant 
influence  on  fatigue  life. 

A  number  of  uniaxial  specimens  were  tested  under  the  compression-compression  condition 
with  a  zero  or  negative  maximum  stress  in  a  loading  cycle.  In  order  to  assess  fatigue  damage 
under  compression-compression  loading,  a  specimen  was  subjected  to  a  designated  compression- 
compression  loading  for  up  to  1  06  loading  cycles.  This  was  followed  by  a  stress-controlled 
loading  with  R  =  0  and  a  stress  amplitude  of  100  MPa.  According  to  the  results  shown  in  Fig.8, 
a  stress  amplitude  of  100  MPa  with  R-  0  would  result  in  a  fatigue  life  longer  than  10  loading 
cycles.  Since  fatigue  cracks  were  often  initiated  on  the  material  plane  with  its  normal  along  the 
loading  axis  (the  crack  plane  was  perpendicular  to  the  loading  direction),  failure  of  the  specimen 
was  difficult  to  identify  under  compression-compression  loading.  The  two-step  loading  can  help 
identify  whether  or  not  the  compression-compression  generated  fatigue  damage.  If  the  number 
of  loading  cycles  in  the  second  loading  step  is  significantly  long,  this  may  indicate  that  the 
fatigue  damage  created  under  the  first  step  compression-compression  may  not  have  contributed 
to  the  fatigue  damage.  If  the  specimen  fails  in  the  second  loading  step  within  a  number  of 
loading  cycles  that  is  much  less  than  10  ,  the  first  loading  step  must  have  generated  significant 
fatigue  damage. 

All  the  1 1  uniaxial  specimens  tested  under  the  compression-compression  loading  conditions 
failed  in  the  second  step  loading  with  a  stress  amplitude  of  100  MPa  and  R  =  0  within  very 
limited  number  loading  cycles  (Table  3(b)).  The  results  suggest  that  fatigue  damage  was 
developed  under  compression-compression  loading.  In  fact,  the  results  show  that  fatigue  damage 
has  reached  a  failing  point  already  before  the  application  of  the  second  loading  step. 


Nf,  Number  of  Cycles  to  Failure 

Fig. 9  Shear  strain  amplitude  versus  fatigue  life  for  pure  torsion  and  torsion  with  a  static 

axial  stress 


Figure  9  shows  the  fatigue  results  obtained  from  the  pure  shear  experiments  and  the  fatigue 
experiments  conducted  with  cyclic  shear  combined  with  a  static  axial  stress  (loading  path  (b)  in 
Fig.4).  Typical  cracking  behavior  is  also  shown  in  Fig. 9.  Detailed  results  are  listed  in  Table  4. 
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Although  not  conclusive  due  to  the  limited  number  of  specimens  tested,  the  results  show  that  a 
compressive  static  axial  load  in  fully  reversed  torsion  does  not  practically  influence  the  fatigue 
life.  A  positive  static  axial  static  stress  significantly  reduced  the  fatigue  life.  A  crack  along  the 
axial  direction  (the  normal  of  the  plane  is  perpendicular  to  the  axial  direction)  was  observed  for 
the  specimen  tested  under  fully  reversed  shear  with  a  compressive  static  axial  stress.  The 
cracking  plane  is  perpendicular  to  the  axial  direction  when  the  static  axial  stress  is  positive.  The 
observations  are  consistent  with  that  made  by  Socie  and  co-workers  [11]  for  Inconel  718  under  a 
similar  loading  condition. 

A  kink  around  a  fatigue  life  of  3x10'  cycles  was  noticed  in  the  shear  strain-life  curve  from 
pure  torsion  (Fig.9).  Unlike  the  strain-life  for  the  uniaxial  loading  (Fig.5)  which  can  be  properly 
described  by  using  the  three-parameter  equation  Eq.(l),  the  shear  strain-life  curve  can  be  better 
described  by  two  curves  of  the  three-parameter  equation  mathematically  identical  to  Eq.(l)  as 
shown  in  Fig.9.  A  further  observation  of  the  tested  pure  shear  specimens  revealed  that  the  kink 
in  the  strain-life  curve  was  associated  with  the  cracking  behavior.  When  the  fatigue  lives  were 
less  than  3x  10?  cycles,  the  cracking  planes  were  either  perpendicular  or  parallel  to  the  specimen 
axis.  In  other  words,  cracks  were  found  on  the  maximum  shear  planes.  When  the  fatigue  lives 
were  higher  than  3x10'  cycles,  cracks  were  consistently  found  to  form  on  the  maximum  tensile 
planes  (±45°  from  the  specimen  axis). 

Changes  of  cracking  behavior  with  the  loading  magnitude  or  fatigue  life  were  observed  on 
A1SI  304  stainless  steel  [10],  Inconel  718  [11],  1045  steel  [12],  and  an  aluminum  alloy  [13]. 
However,  no  kink  in  the  strain-life  curves  was  found  to  associate  with  the  cracking  behavior 
transition  in  these  materials.  Different  slopes  or  discontinuous  stress-life  curves  were  often 
reported  from  the  uniaxial  tension-compression  experiments  for  ultra  high  fatigue  lives  [14,15]. 
It  is  a  common  observation  that  kink  in  the  stress-life  curve  is  associated  with  the  crack  initiation 
sites  in  the  specimen.  When  the  fatigue  lives  are  lower,  fatigue  cracks  are  initiated  on  the 
specimen  surface.  Crack  initiation  is  often  found  to  occur  on  subsurface  from  sites  of  interior 
defects. 


Fig.10  Fatigue  under  combined  axial-torsion  loading 
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Figure  10  summarizes  the  results  obtained  from  testing  the  tubular  specimens  under 
combined  axial-torsion  loading.  Detailed  experimental  results  are  listed  in  Tabic  5.  An 
equivalent  strain  amplitude  is  used  in  Fig.  10  to  represent  the  loading  magnitude  under  cyclic 
loading.  The  equivalent  strain  amplitude  is  defined  as  follows. 


f  Ae  y 


If  A 


\  j 


+  - 
3 


I  (  Ay ' 


-  J 


(2) 


where  (As  12)  is  the  equivalent  strain  amplitude.  As  12  is  the  axial  strain  amplitude,  and  Ay  12 

is  the  shear  stress  amplitude.  The  fatigue  experimental  results  obtained  from  testing  the  tubular 
specimens  will  be  used  to  evaluate  the  fatigue  models.  It  should  be  noted  that  the  only  p  urpose 
to  use  of  the  equivalent  strain  is  to  present  the  results  with  a  simple  and  single  plot. 

The  experiments  conducted  in  the  current  investigation  confirm  that  significant  fatigue 
damage  can  be  produced  under  compression-compression  loading  for  the  7075-T651  aluminum 
alloy.  Usually,  a  material  is  dominated  by  one  type  of  cracking  behavior.  In  contrast,  7075- 
T651  aluminum  alloy  displays  shear  cracking,  mixed  cracking,  and  tensile  craeking  dependent 
on  the  loading  magnitude.  Earlier  investigations  indicate  that  many  materials  are  dominated  by 
mixed  eracking  behavior  [53,  59],  and  few,  sueh  as  stainless  steels,  exhibit  primarily  tensile 
cracking  behavior.  Very  few  materials  display  predominant  shear  cracking  behavior.  One 
characteristic  of  the  fatigue  behavior  of  7075-T651  is  the  distinct  kink  observed  in  the  shear 
strain  versus  fatigue  life  curve  (Fig.9)  that  is  accompanied  by  the  change  of  cracking  behavior. 
To  the  best  of  the  author's  knowledge,  such  a  torsion  fatigue  behavior  has  never  been 
documented  for  an  aluminum  alloy  when  the  fatigue  life  is  less  than  10  cycles.  A  kink  was 
observed  in  the  strain-life  curve  of  an  induction  hardened  steel  where  the  gradient  material 
properties  resulted  in  subsurface  cracking  [85]. 


1 .3  CRACK  GROWTH  EXPERIMENTS 
1.3.1  Description 

Both  standard  and  non-standard  compact  specimens  of 7075-T65J  aluminum  alloy  were  used 
in  the  fatigue  crack  growth  fatigue  experiments.  The  dimensions  of  the  standard  specimen  are 
shown  in  Fig.  11(a).  Notches  with  four  different  sizes  were  machined  using  either  the  EDM 
(Electro-discharging  machining)  or  a  diamond  saw.  Notch  1  was  a  sharp  slot  with  a  length  of  1 .0 
mm  cut  by  a  diamond  saw  and  a  width  of  0.325  mm.  Notch  2  contained  a  hole  with  a  radius  of 
1.27  mm.  The  holes  in  Noteh  3  and  Notch  4  had  a  radius  of  3.5  mm  and  6.35mm,  respectively. 
The  dimensions  of  the  non-standard  compact  specimens  are  shown  in  Fig.  11(b).  These 
specimens  were  designed  to  study  the  fatigue  crack  growth  behavior  with  changing  loading 
direction.  The  specimens  were  first  subjected  to  Mode  1  loading.  After  the  crack  reached  a 
certain  length,  the  external  loading  direction  was  changed  30°  from  the  original  loading  direction. 
The  results  of  Mode  1  loading  experiments  are  reported  together  with  those  obtained  from  the 
standard  compact  specimens.  Four-hole  specimens  shown  in  Fig.  1 1  (c)  were  used  in  mixed  mode 
(Mode  I  and  Mode  111)  crack  growth  experiments  under  combined  axial-torsion  loading 
conditions. 
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(C) 

Fig. 11  Notched  specimens  used  for  crack  growth  experiments  (all  dimensions  in  mm, 

thickness=4.85mm) 

Both  EDM  and  diamond  saw  cut  result  in  minimal  residual  stress  near  the  notch  due  to  the 
very  slow  material  removal  rate  by  the  two  methods.  After  the  notches  were  machined,  one  side 
of  the  specimens  was  finely  polished  to  facilitate  crack  growth  measurement  using  an  optical 
reading  micrometer.  The  experiments  were  carried  out  using  an  Instron  8872  load  frame  with  a 
25  kN  load  capacity  and  8800  electronics  with  computer  control  and  data  acquisition. 
Depending  on  the  load  magnitude,  the  loading  frequencies  ranged  from  1  to  10  Hz.  The  crack 
length  was  measured  using  an  optical  reading  microscope  with  a  magnification  of  40. 

The  compact  specimens  were  cut  from  cold  rolled  7075-T651  plates.  Experiments  were 
conducted  with  the  cracks  orientated  to  the  rolling  direction  (0  degree)  and  the  direction 
perpendicular  to  the  rolling  direction  (90  degree).  The  experimental  loading  conditions  are 


-  16- 


summarized  in  Tables  6  and  7.  The  first  part  of  the  specimen  designation  (the  first  column  in  the 
tables)  specifies  the  crack  orientation  of  the  testing  specimen  with  respect  to  the  rolling  direction 
of  the  cold-rolled  aluminum  plate. 

1 7  specimens  were  tested  under  the  constant  amplitude  loading  condition  with  five  different 
-ratios  (0.1,  0.5,  0.75,  -1,  and  -2)  (Table  6).  Three  specimens,  0_C11,  0_C10  and  0_C27, 
listed  in  Table  6  were  non-standard  compact  specimen  (Fig.  11(b)).  All  the  rest  of  the 
experiments  reported  in  the  current  study  employed  the  standard  compact  specimen  (Fig.l  1(a)). 
Most  of  the  experiments  were  tested  from  crack  initiation  till  a  significant  long  crack  length. 
“Number  of  cycles  when  a=0.5mm”  in  Table  6  reflects  the  crack  “initiation”  life  of  the  specimen 
corresponding  to  a  fatigue  crack  size  of  0.5  mm  measured  from  the  root  of  the  notch.  The 
fatigue  life,  N f ,  is  the  number  of  the  loading  cycles  from  the  start  of  the  experiment  till  the 

termination  of  the  experiment  when  the  crack  size  was  a , .  It  should  be  noted  that  a /  was  not 
the  crack  size  before  the  final  fracture  of  the  specimen. 

Table  6  Experimental  conditions  for  fatigue  crack  growth  under  constant  amplitude 


loading 


Spec# 

R. 

ratio 

AP/2 

/ 

Notch 

diameter 

Notch  depth 
/precrack  an 

Number  of 
cycles  when 
a=0.5  mm 

Nf 

Qf 

m  .. 

(Hz) 

(mm) 

(mm) 

(cycle) 

(cycle) 

(mm) 

0  C01 

0.1 

2.700 

1-10 

1.59 

3.54 

15,910 

24,787 

18.73 

90  C01 

0.1 

1.350 

1~10 

0.20 

4.78 

24,270 

109,000 

30.34 

0  C02 

0.1 

1.125 

1-10 

0.20 

4.46 

21,140 

177,830 

29.89 

0  C03 

0.1 

0.720 

1~10 

★ 

7.26 

205,300 

498,900 

34.55 

0_C12 

0.1 

1.350 

1-10 

0  20 

6.75 

21,200 

84,303 

18.16 

90_C02 

0.5 

0.575 

1~10 

* 

5.11 

143,800 

881,650 

43.11 

0_C04 

0.5 

0  575 

1~10 

★ 

6.00 

57,780 

480,240 

30.39 

90_C19 

0.5 

0.750 

1~10 

★  ★ 

7.04 

34,790 

175,520 

27.39 

0_C05 

0.75 

0  575 

1-10 

* 

6.18 

35,480 

240,800 

23.98 

0_C07 

0  75 

0.575 

1-10 

* 

5.33 

48,830 

298,583 

25.14 

90_C18 

0.75 

0.625 

1-10 

0.28 

4  83 

99,470 

360,958 

22  36 

0_C06 

-1 

1  600 

1-10 

0.20 

5  38 

113,400 

519,548 

33.44 

0_C20 

-1 

3  500 

1 

7  11 

6.48 

1,372 

18,968 

16.62 

90_C13 

-2 

2.400 

1-10 

3  48 

7.42 

73,220 

439,100 

33  89 

0_C10 

0.1 

1.350 

1-10 

0.33 

0.142 

29390 

123,188 

10  86 

0_C11 

0.1 

1.350 

1-10 

0  33 

0  327 

16560 

141,841 

19.953 

0 C27 

0  1 

1.125 

1-10 

0.33 

0.457 

31700 

230,358 

14.753 

R  -ratio  =  minimum  load  over  the  maximum  load  in  a  loading  cycle  AP / 2  =  loading  amplitude 
an  =  distance  between  the  notch  root  and  the  line  of  action  of  the  externally  applied  load 

/  =  loading  frequency  Nf  =  total  cycles  at  =final  crack  length 

*Pre-cracked  with  cyclic  load  of  7?  =0  1 ,  API  2  =1.35kN 

**Pre-cracked  with  cyclic  load  of  R  =0  5,  AP /  2  =1 ,25kN 

0_C11,  0_C10  and  0_C27  are  the  non-standard  specimens  shown  in  Fig. 1(b) 
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Three  specimens  were  subjected  to  a  single  overload  during  the  constant-amplitude  loading 
crack  growth  experiments  and  two  specimens  were  tested  with  a  single  underload  (Table  7).  One 
specimen  was  subjected  to  high-low  sequence  loading.  An  illustration  of  the  single  overload, 
underload,  and  high-low  sequence  loading  is  shown  in  Fig.  12. 


Table  7  Constant  amplitude  loading  with  a  single  overload  or  underload 


Spec# 

R- 

ratio 

API  2 

/ 

Notch 

diameter 

Notch 

depth 

°n 

Pol 

Nol 

aoi. 

Nf 

ar 

(kN) 

(Hz) 

(mm) 

(mm) 

(kN) 

(cycle) 

(mm) 

(cycle) 

(mm) 

90_C03 

0.1 

1.35 

1~10 

020 

4.23 

6  0 

86,542 

845 

135,296 

32.34 

90_C 1 6 

0.1 

1.35 

1~10 

0  33 

6.74 

6.0 

51,400 

15  33 

87,828 

26  02 

90_C14 

-1 

2.00 

1~10 

1  27 

6.64 

6.0 

140,33 

6 

16.75 

478,927 

32  66 

90_C 1 5 

0  1 

1.50 

1~10 

3.48 

6.91 

-60 

108,66 

8 

12.14 

125,015 

24.46 

90 C22 

0.1 

1.125 

1~10 

1  27 

0.35 

-10.0 

168801 

12.74 

198,109 

21.82 

Pol  =  magnitude  of  the  overload/underload  aol  =  crack  length  at  overloading/underloading 
N0I  =  number  of  cycles  of  the  constant  amplitude  loading  before  overloading/underloading 


(b) 
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P(kN) 


AP/2  =  1  8kN.  N1=105,974  cycles 


(C) 

Fig. 12  Illustration  of  loading  histories:  (a)  overloading;  (b)  underloading; 

(c)  high-low  sequence  loading 

Among  the  three  specimens  for  overloading  experiments,  two  specimens  were  tested  with  a 
stress  ratio  of/?  =0.1  and  load  amplitude  ofA/V2=1.35  kN.  With  a  load  magnitude  of  6.0kN, 
the  overload  ratio  (overload  over  the  maximum  load  in  the  constant  amplitude  loading)  was  2.0. 
The  overload  was  applied  when  the  crack  length  was  8.45  mm  and  14.96  mm.  respectively,  on 
these  two  specimens.  A  third  specimen  was  subjected  to  a  constant  amplitude  loading  with  R  = 
-1  and  A/V  2  =2  kN.  The  overload  ratio  was  3  and  the  overload  was  applied  when  the  crack 
length  was  16.537  mm.  After  the  application  of  an  overload,  the  specimen  underwent  constant 
amplitude  loading  identical  to  that  before  the  overload. 

Two  specimens  were  tested  with  a  single  underload  during  the  crack  propagation 
experiments  with  the  underloads  being  -6  kN  and  -10  kN,  respectively  (Table  7).  The 
underloads  were  applied  when  the  crack  lengths  were  12.14mm  and  12.74  mm,  respectively  for 
the  two  specimens. 

One  experiment  was  conducted  under  high-low  sequence  loading  (Fig.  1 2(c)).  The  specimen 
had  a  notch  of  6.35  in  diameter.  The  notch  depth  was  8.813  mm.  Both  loading  steps  had  a  R  - 
ratio  of  0.1.  The  stress  amplitude  in  the  first  step  loading  was  1.8  kN.  After  the  crack  length 
reaches  22.47  mm,  the  loading  amplitude  was  switched  to  1.125  kN  (Fig.  12(c)). 

Generally,  a  compact  specimen  is  not  recommended  for  tension-compression  loading  (  R  <0). 
In  the  current  investigation,  the  two  loading  holes  in  the  compact  specimen  were  machined  to 
have  a  tight  tolerance  so  that  the  gap  between  the  pin  in  the  loading  fixture  and  the  hole  in  the 
specimen  was  minimal.  For  the  range  of  the  testing  frequencies  used  in  the  experiments,  the 
maximum  and  minimum  loads  dictate  the  fatigue  behavior.  The  experiments  indicated  that  the 
maximum  and  minimum  loads  can  be  controlled  accurately  with  the  compact  specimen  for  the 
R  <0  loading  cases. 

A  parabolic  curve  was  adopted  to  best  fit  a  set  of  five  successive  data  points  in  the 
experimentally  obtained  relationship  between  the  crack  length  and  the  number  of  loading  cycles. 
The  crack  growth  rate  at  the  middle  point  (the  third  point)  was  determined  from  the  derivative  of 
the  parabola. 

The  stress  intensity  factor  for  the  compact  specimen  was  calculated  using  the  following 
formula: 
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(0.866  + 4.64a -13.32a2  +14.72a'  -5.6a4) 


(3) 


where, 


.P(2  +  a) 
b4w  (1  -a)3/2 


a 


(4) 


The  symbol  B  in  Eq.(3)  denotes  the  thickness  of  the  compact  specimen  and  W  is  the  distance 
between  the  applied  force  P  and  the  left  edge  of  the  specimen  (refer  to  Fig.  1 1).  The  symbol  a  in 
Eq.(4)  is  the  crack  length  measured  from  the  line  of  the  application  of  the  external  load,  P . 
According  to  the  ASTM  standard  E647  [16],  the  equation  is  valid  when  a  >0.2.  The  finite 
element  (FE)  method  was  used  to  determine  the  stress  intensity  factor  when  a  <  0.2 .  The  results 
of  the  finite  element  calculation  were  compared  with  those  obtained  from  using  Eq.  (3)  in  Fig.  13. 


Fig. 13  Stress  intensity  factor  obtained  from  using  Eq.(3)  and  that  from  the  FE  method  for 

the  standard  compact  specimen 


Fig. 14  Stress  intensity  factor  for  the  non-standard  compact  specimen  obtained  from  the 

FE  method 
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For  the  nonstandard  compact  specimen  (Fig.  1 1  (b)),  the  FE  method  was  used  to  determine  the 
stress  intensity  factor.  For  the  given  geometry  and  dimensions  shown  in  Fig.  11(b),  the 
relationship  between  the  normalized  stress  intensity  factor  and  the  crack  length  is  shown  in 
Fig.  14. 


Fig. 15  Loading  paths  used  in  mixed  mode  crack  growth  experiments 


Table  8  Mixed  Mode  1-Mode  III  Crack  Growth  Experiments 


Spec# 

R  -ratio 
for 

tension 

AP/2 

(kN) 

R  -ratio 
for 

torsion 

AT/2 

(Nm) 

/ 

(Hz) 

Notch 
radius 
r  (mm) 

Thickness 
t  (mm) 

Notch  depth 
an  (mm) 

Loading 
Path 
(Fig.  15) 

BC05 

0.1 

5.4 

0 

15 

2 

0.626 

485 

8.027 

a 

BC06 

0.1 

5.4 

0 

15 

2 

0.626 

485 

8.677 

b 

BC07 

0.1 

5.4 

0 

15 

5 

0.626 

4.84 

7.704 

c 

BC08 

0.1 

54 

0 

15 

2 

0.626 

4  87 

8.210 

a 

BC10 

0.1 

6  75 

0 

18.75 

2.5 

0626 

4.83 

8  569 

b 

BC1 1 

0.1 

6.75 

0 

18.75 

2.5 

0.626 

4.88 

8.062 

a 

BC12 

0.1 

6.75 

0 

18.75 

2.5 

0.626 

4.87 

8.192 

c 

Six  specimens  were  tested  in  the  crack  propagation  experiments  under  axial-torsion  loading 
conditions.  The  configuration  of  the  specimen  is  shown  in  Fig.  11(c).  T  he  specimens  were 
clamped  into  the  specimen  holder  with  four  bolts  and  placed  into  biaxial  Instron  servo  hydraulic 
machine  for  fatigue  testing.  Three  loading  paths  shown  in  Fig.  15  were  applied  in  order  to 
investigate  the  influence  of  loading  conditions  on  the  crack  growth  rate. 


1.3.2  Crack  growth  rate  under  constant  amplitude  loading 

Figure  16  summarizes  the  experimental  crack  growth  results  under  constant  amplitude 
loading  in  the  traditional  form  of  crack  growth  rate  versus  the  stress  intensity  factor  range.  For  a 
given  R  -ratio,  the  fatigue  rate  curves  with  different  loading  amplitudes  were  practically 
coincident.  Since  specimens  with  two  different  orientations  with  respect  to  the  rolling  direction 
were  used,  the  results  also  suggest  that  the  cold  rolling  process  of  the  material  does  not 
practically  influence  the  fatigue  crack  growth  results.  Results  shown  in  Fig. 5  and  Fig.6  revealed 
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that  the  plate  specimens  with  two  different  orientations  yielded  very  similar  deformation  and 
fatigue  crack  initiation  results. 
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Fig. 16  Crack  propagation  under  constant  amplitude  loading  with  the  effect  of  the  R  -ratio 

(7075-T651  aluminum  alloy) 


The  material  displays  a  significant  R  -ratio  effect.  With  identical  stress  intensity  factor  range, 
a  higher  R  -ratio  results  in  a  higher  crack  growth  rate.  Although  the  threshold  was  not 
experimentally  measured,  the  tendency  indicates  that  the  threshold  value  of  the  stress  intensity 
factor  range  increases  as  the  R  -ratio  decreases.  It  should  be  noted  that  among  the  14  standard 
specimens  tested  under  constant  amplitude  loading,  six  specimens  started  with  a  pre-crack  and 
the  rest  eight  specimens  started  with  the  notches  formed  either  by  EDM  or  diamond  saw  cut 
(refer  to  Table  6).  The  early  crack  growth  also  reflects  the  notch  effect.  The  experimental 
results  of  the  three  non-standard  specimens  are  shown  together  in  Fig.  16.  At  the  same  R  -ratio, 
the  crack  growth  curves  of  the  non-standard  specimens  (marked  with  in  the  legend  of  Fig.  16) 
are  almost  coincident  with  those  of  the  standard  specimens.  It  is  obvious  that  the  specimen 
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geometry  has  no  significant  influence  on  the  crack  growth  curve  as  long  as  the  stress  intensity 
factor  range  and  the  R  -ratio  are  kept  identical.  This  confirms  that  the  nonstandard  specimens 
can  be  used  reliably  for  some  special  purpose,  such  as  the  investigation  of  the  effect  of  changing 
the  loading  direction  on  the  crack  propagation  behavior. 

An  observation  of  the  crack  profiles  on  both  the  front  and  back  surfaces  of  a  specimen 
indicates  that  the  crack  profile  on  the  front  surface  was  almost  identical  to  that  on  the  back 
surface.  The  crack  plane  is  approximately  flat  and  perpendicular  to  the  external  loading 
direction. 


1.3.3  Single  overload  experiments 

Three  specimens  were  tested  with  a  single  overload  and  the  experimental  results  are  shown  in 
Fig.  17.  After  overloading,  the  growth  rate  decreased  drastically  to  a  minimum  value.  The  crack 
growth  rate  recovered  rapidly  and  then  gradually  approached  the  stable  growth  of  the  constant 
amplitude  loading.  This  tendency  of  the  crack  growth  rate  after  overloading  was  consistent  with 
that  observ  ed  by  von  Euw  et  al.  [17].  When  the  R  -ratio  kept  the  same,  the  size  of  the  transient 
zone  was  larger  when  the  overloading  occurred  at  a  longer  crack  length.  It  is  apparent  that  the 
transient  zone  size  is  determined  by  the  plastic  zone  caused  by  the  overloading.  The  influence  of 
the  overload  diminished  after  the  crack  propagated  out  of  the  influencing  zone  created  by 
overloading.  To  reduce  the  redundancy,  the  model  predictions  which  will  be  discussed  in  a  later 
section  are  presented  together  in  Fig.  17. 


-23 


AK  (MPavm),  Stress  Intensity  Factor  Range 

(c) 

Fig. 17  Overload  effect  on  crack  growth  (7075-T651  aluminum  alloy) 


_  10 

AK  (MPa\m),  Stress  Intensity  Factor  Range 


Fig. 18  Underload  effect  on  crack  growth  (7075-T651  aluminum  alloy) 
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Figure  1 8  shows  the  experimentally  obtained  fatigue  crack  growth  rates  for  two  specimens 
subjected  to  underload  (compressive  overload)  in  constant  amplitude  loading.  The  effect  of  the 
underload  on  the  specimen  subjected  to  a  lower  constant  amplitude  (  AP/2  =1.125  kN, 
PunJ,rloaJ=-\0  kN)  was  not  apparent.  For  the  specimen  subjected  to  a  higher  constant  amplitude 

{API  2  =1.5  kN,  P^rioaj  =- 6  kN),  the  underload  resulted  in  a  identifiable  but  insignificant 

acceleration  in  crack  growth  rate.  Right  after  underloading,  the  fatigue  crack  growth  rate 
increased  immediately  to  a  higher  value.  The  subsequent  crack  growth  rate  was  approximately 
constant  before  the  crack  propagated  through  the  influencing  zone  created  by  the  underload.  The 
growth  rate  resumed  the  normal  level  expected  for  the  constant  amplitude  loading  after  the  crack 
penetrated  the  influencing  zone.  Comparing  with  the  overloading  effect,  the  underloading  effect 
was  short-lived  and  insignificant. 

1.3.4  High-Low  loading  sequence  experiments 

Figure  19  shows  the  experimental  crack  growth  results  from  the  two-step  high-low  sequence 
experiments.  The  first  loading  step  had  a  loading  amplitude  of  1 .8  kN  and  the  second  step  had  a 
loading  amplitude  of  1.125  kN.  The  load  ratio  in  both  steps  was  0.1.  After  switching  the  load 
amplitude  from  a  high  value  to  a  low  value,  the  stress  intensity  factor  was  reduced  greatly.  In 
order  to  represent  the  experimental  result  clearly,  the  crack  length  instead  of  the  stress  intensity 
factor  range  was  adopted  for  the  horizontal  axis  in  Fig.  19.  The  crack  growth  behavior  in  the 
second  loading  step  resembles  that  observed  from  the  overloading  effect.  Upon  the  reduction  in 
loading  amplitude  after  the  completion  of  the  first  step,  the  crack  growth  rate  decreased 
drastically  until  a  minimum  value  was  reached.  Thereafter,  the  crack  growth  rate  increased 
rapidly  as  the  crack  length  extended.  The  increase  in  the  crack  growth  rate  with  the  crack 
extension  slowed  down  as  the  crack  approached  the  boundary  of  the  plastic  zone  of 
approximately  1.00  mm  created  by  the  previous  loading  step.  Stable  crack  growth  was  resumed 
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Fig. 19  Crack  propagation  under  two-step  high-low  sequence  loading  (7075-T651 

aluminum  alloy) 
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1.3.5  Crack  propagation  under  combined  axial-torsion  loading 

The  experimental  results  of  crack  propagation  under  combined  axial-torsion  loading  are 
summarized  in  Fig.20  and  are  represented  in  crack  length-crack  growth  rate  coordinates.  The 
combination  of  tension-compression  loading  with  out  of  plane  torsion  simulates  the  crack 
propagation  in  mixed  Mode  I  and  Mode  III.  Three  loading  paths  were  applied  to  the  specimens 
(Fig.  1 5).  One  loading  condition  represents  the  proportional  loading  (Fig.  1 5(a))  and  the  other  two 
loading  scenarios  represent  the  non-proportional.  In  all  of  the  experiments,  the  R- ratio  in 
tension-compression  was  kept  equal  to  0.1,  while  the  R-ratio  in  torsion  was  equal  to  zero.  The 
loading  amplitudes  are  identical  in  the  three  loading  paths. 


a,  Crack  Length,  mm 

Fig.20  Crack  propagation  under  combined  axial-torsion  loading 


Based  on  the  results  represented  in  Fig.20,  it  can  be  concluded  that  the  proportional  loading 
produces  the  highest  crack  growth  rates  in  7075-T651  alloy.  The  nonproportional  loading  paths 
(Fig.l5(b)(c))  generated  similar  crack  growth  results.  The  crack  growth  curve  corresponding  to 
the  90-degree  out-of-phase  axial-torsion  loading  path(Fig.  15(b))  lies  slightly  above  that  of  the 
loading  path  of  Fig.  1 5(c). 

In  order  to  determine  the  details  of  cracking  profile  under  mixed  mode  loading  conditions, 
Specimen  BC05  was  sectioned  into  several  thin  slices  parallel  to  the  specimen  surface,  which 
were  examined  using  a  microscope.  By  combining  the  microphotographs  of  the  crack,  it  was 
possible  to  reconstruct  the  overall  picture  of  cracking  profile.  The  plane  of  the  crack  within  the 
thickness  of  the  specimen  under  combined  axial-torsion  loading  appears  to  be  inclined  at  a 
certain  angle  with  respect  to  the  plane  normal  to  the  specimen  surface,  which  is  shown  in  Fig.21 . 
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The  angle  of  inclination  was  measured  to  be  32".  The  details  of  the  proportional  combine  axial- 
torsion  experiment  performed  on  the  specimen  BC05  can  be  found  in  Table  8. 


Fig. 21  Crack  profile  under  proportional  axial-torsion  fatigue  loading 


2  AISI  304L  AUSTENITIC  STAINLESS  STEEL 

The  AISI  304L  stainless  steel  belongs  to  a  class  of  300-type  austenitic  stainless  steels  and  has 
been  widely  used  in  engineering  applications  requiring  a  resistance  to  the  corrosive  environment. 
The  material  has  been  employed  in  applications  ranging  from  pharmaceutical  equipment  to 
piping  in  the  nuclear  reactors. 

Significant  research  has  been  conducted  on  the  fatigue  behavior  of  the  304L  steel  since  the 
introduction  of  the  alloy  into  the  industrial  practice.  Atanasiu  [18]  presented  the  results  of  crack 
growth  experiments  performed  using  CT  specimens  for  three  different  /^-ratios.  The  influence  of 
the  R- ratio  on  crack  growth  and  threshold  was  observed.  At  the  same  time,  as  an  effort  to 
improve  the  fatigue  properties  of  the  steel,  an  extensive  experimental  study  on  the  fatigue  crack 
growth  was  performed  to  investigate  the  influence  of  the  internal  hydrogen  on  crack  propagation 
[19].  It  was  shown  that  the  introduction  of  the  hydrogen  into  the  metastable  austenitic  steel 
decreased  the  rate  of  crack  propagation.  An  effect  of  the  application  of  a  single  tensile  overload 
on  crack  growth  rate  in  316L  steel  was  investigated  by  Wheatley  et  al  [20],  A  short  period  of 
crack  growth  rate  acceleration  after  the  application  of  the  overload  was  observed.  The  crack 
growth  acceleration  right  after  overloading  was  associated  with  cracking  from  voids  within  the 
plastic  zone  created  by  overloading. 

The  austenitic  matrix  in  the  300-series  stainless  steels  is  unstable  and  it  transforms  to 
martensite  under  plastic  deformation  [21].  The  martensitic  transformation  is  temperature 
dependant  [21].  Investigations  were  carried  out  targeting  the  phase  transformations  during 
fatigue  of  304L  and  the  influence  on  the  fatigue  crack  propagation  [22-26].  It  was  found  [22] 
that  by  decreasing  the  mechanical  stability  of  austenite  (either  by  changing  the  composition  or  by 
lowering  the  temperature  to  martensite  start  temperature  on  cooling),  the  fatigue  crack  growth 
rate  can  be  decreased  when  the  /?-ratios  were  low.  Krupp  et  al  [26]  experimentally  investigated 
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the  influence  of  the  carbon  content  on  the  martensitic  transformation.  The  hardening  part  of  the 
cyclic  transient  curves  obtained  from  testing  un-notched  smooth  specimens  was  attributed  to  the 
phase  transformation  and  the  magnitude  of  such  hardening  was  found  to  be  a  function  of  the 
carbon  content  in  the  stainless  steel.  Experimental  investigations  on  fatigue  cracking  from  the  8- 
ferrite/y  interface  in  the  304L  steel  [27,  28]  revealed  the  dependence  of  the  cracking  mechanism 
on  the  directionality  of  the  8-ferrite  fibers. 

Without  venturing  into  microscopic  details  and  phase  transformations,  the  current  study 
emphasizes  comprehensive  fatigue  experiments  performed  on  AISI  304L  stainless  steel.  The 
experiments  include  the  crack  initiation  tests  using  smooth  specimens  as  well  as  fatigue  crack 
growth  experiments  with  notch  CT  specimens.  The  main  goal  was  to  study  the  cyclic  plasticity 
behavior,  trends  of  the  strain-life  curves,  influence  of  the  mean  stress  over  the  wide  range  of  the 
/^-ratios,  and  loading  histories  on  fatigue  crack  growth  at  the  macroscopic  level. 

2.1  MATERIAL 

AISI  304L  stainless  steel  belongs  to  the  class  of  austenitic  stainless  steels  of  300  series.  It 
can  be  distinguished  from  AISI  304  steel  by  lower  content  of  carbon  (letter  L  in  the  material 
designation)  and  higher  content  of  chromium.  The  chemical  composition  of  304L  steel  is  shown 
in  Table  9  [21]. 


Table  9  CJjemjcal  composition  of  304L  stainless  steel  (%) 


c 

Mn 

Si 

Cr 

Ni 

P 

S 

0.03 

2.0 

1.00 

18.0-20.0 

8.0-12.0 

0.045 

0.03 

Fig. 22  Microstructure  of  AISI  304L  stainless  steel,  a)  perpendicular  to  the  rolling 
direction;  b)  along  the  rolling  direction.  Magnification  X800 


The  specimens  for  the  fatigue  experiments  were  machined  from  the  supplied  cold  rolled  bar. 
The  microstructure  of  “as  received”  304L  steel  is  shown  in  Fig.22.  The  presence  of  the  8-ferrite 
stringers  can  be  observed  from  the  photographs  in  Fig.22  (indicated  by  the  arrow  in  Fig.  22(b)). 
These  stringers  run  along  the  rolling  direction  of  the  bar. 
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2.2  CRACK  INITIATION  TESTS  UNDER  CONSTANT  AMPLITUDE  LOADING 


Twenty  two  specimens  were  tested  in  fully  reversed  strain-controlled  fatigue  experiments. 
The  types  of  specimens  used  are  dog-bone  shaped  specimens  for  axial  tension  compression  tests 
and  tubular  specimens  for  pure  torsion  and  axial-torsion  non-proportional  tests.  The  standard 
specimen  design  described  previously  for  7075-T651  aluminum  alloy  (Fig.3)  was  used  in  the 
present  experiments.  Three  types  of  tests  were  performed:  axial  tension-compression,  pure 
torsion  and  non-proportional  90°  out-of-phasc  axial-torsion  (Fig.4).  The  details  of  the  tests  are 
arranged  in  Table  10. 


Table  10  Strain  controlled  fully  reversed  fatigue  tests.  Material  304L 


Testing  Type 

Spec# 

/■ 

Ae/2 , 

Act/ 2 , 

Ay/2, 

Ar/2, 

Nf 

Hz 

% 

MPa 

% 

MPa 

, cycles 

SS304-04 

0.12 

1  50 

866.7 

- 

- 

328 

SS304-09 

0  15 

1  00 

635.0 

- 

- 

680 

SS304-06 

0.50 

060 

498.4 

- 

- 

3,540 

Tension- 

SS304-01 

0  80 

0.40 

424.7 

- 

- 

20,450 

Compression 

SS304-10 

SS304-02 

2.00 

2.50 

0  32 
0.30 

376.1 

382.3 

_ 

_ 

44,600 

98,501 

SS304-03 

2.00 

0.28 

388.0 

- 

- 

308,500 

SS304-07 

5.00 

0.26 

360.9 

- 

- 

184,000 

SS304-04* 

8  00 

0.25 

374.3 

- 

- 

1,050,500 

SS304-T12 

0.12 

- 

- 

2  41 

410.7 

800 

SS304-T09 

0.20 

- 

- 

1.73 

279.3 

2,380 

Pure  Torsion. 

SS304-T08 

0  40 

- 

- 

1.04 

242.8 

10,880 

Tubular 

SS304-T13 

0  60 

- 

- 

0  87 

250.3 

30,400 

Specimens 

SS304-T04 

0  80 

- 

- 

0  69 

220.2 

90,321 

SS304-T07 

1  50 

- 

- 

0  55 

188.2 

293,501 

SS304-T10 

1  50 

- 

- 

043 

208.2 

1,659,410 

SS304-T16 

0  10 

0.40 

500.5 

0.69 

309.7 

1,250 

SS304-T02 

0.12 

0.35 

517.1 

0.61 

319.8 

1,646 

Non- 

SS304-T15 

0.20 

0.30 

419.9 

0.52 

258.1 

4,400 

Proportional 
90°  out-of- 

SS304-T17 

0.25 

028 

410.6 

048 

249.3 

11,000 

SS304-T11 

0  25 

0.25 

377.4 

0.43 

232.2 

12,800 

phase 

SS304-T05 

0.50 

0  20 

302.8 

0.35 

186.7 

21,535 

SS304-T14 

1.00 

0.18 

264.0 

0.31 

162.0 

59,465 

SS304-T02* 

1.50 

0.17 

277.4 

0  29 

171.8 

1,000,000 

SS304-T12* 

2  00 

0  15 

246.5 

026 

152.4 

655,000 

*Thc  specimen  did  not  fail 

f-  frequency  of  applied  loading;  As/2  -  amplitude  of  applied  axial  strain; 

Ay/2  -  amplitude  of  applied  shear  strain;  act/2  -  axial  stress  amplitude; 

Ar/2  —  shear  stress  amplitude,  n  -  number  of  cycles  to  failure. 

2.2.1  Cyclic  plasticity  behavior 

Figure  23  represents  the  cyclic  hardening  curves  based  on  the  data  collected  during  the 
experiments.  Due  to  the  specifics  of  the  testing  equipment,  in  some  cases  the  pre-set  value  of  the 
strain  amplitude  is  not  reached  immediately  at  the  beginning  of  the  test.  Therefore,  the 
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stabilization  period,  during  which  the  strain  control  reaches  its  designed  value,  has  been  removed 
from  the  graphs  in  Fig.23.  It  can  be  seen  from  the  Fig.23  (a,b)  that  when  tested  in  tension- 
compression  and  pure  torsion,  the  material  exhibits  a  period  of  cyclic  softening  followed  by 
cyclic  hardening  until  the  failure  of  the  specimen.  The  amount  of  cyclic  hardening  clearly 
depends  on  the  level  of  applied  strain  amplitude.  This  cyclic  hardening  is  a  result  of  plasticity 
induced  transformation  from  austenite  to  martensite  in  meta-stable  austenitic  steel  such  as  304L 
[26].  The  plots  in  Fig.23  are  arranged  in  terms  of  equivalent  stress  and  strain  which  facilitates 
the  comparison  between  curves  corresponding  to  different  types  of  loading.  By  comparing  the 
cyclic  hardening  curves  for  tension-compression  and  pure  torsion  it  can  also  be  noted  that  the 
stress  levels  in  case  of  tension  compression  are  much  higher  than  the  stresses  under  pure  torsion 
loading  with  the  corresponding  equivalent  strain  amplitudes.  In  addition,  the  cyclic  hardening 
prior  to  failure  is  more  pronounced  in  pure  torsion  cases  when  the  specimens  tested  under  low 
equivalent  strain  amplitudes  are  compared. 
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Fig. 23  Cyclic  hardening  behavior  (AISI  304L):  (a)  tension-compression;  (b)  pure  torsion; 

(c)  90°  out-of-phase  non-proportional  loading 


Aeepp/2,  Equivalent  Plastic  Strain  Amplitude 


Fig. 24  Cyclic  stress-strain  curves  (AISI  304L) 

In  order  to  obtain  a  cyclic  stress-strain  curve  (CSSC),  three  specimens  were  tested  in 
incremental  step  conditions  under  three  different  loading  paths.  The  resulting  curves  are  shown 
in  Fig.24.  As  can  be  seen  from  Fig.24  the  material  displays  rather  peculiar  behavior.  At  the 
region  of  low  plastic  strain  amplitudes,  all  three  curves  come  together,  however  at  the  onset  of 
the  quasi-plateau  regime  the  curves  corresponding  to  different  loading  conditions  behave 
differently.  The  quasi-plateau  of  CSSC  corresponding  to  tension-compression  lies  higher  than 
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one  corresponding  to  pure  torsion  and  the  quasi  plateau  of  non-proportional  curve  lies  between 
them.  At  the  end  of  quasi  plateau  regime,  the  curve  corresponding  to  90"  out-of-phase  axial- 
torsion  loading  comes  higher  than  the  curve  corresponding  to  uniaxial  tension-compression 
loading.  Therefore,  the  material  displays  non-proportional  hardening  only  at  high  levels  of 
applied  strain. 

2.2.2  Strain-life  curve  and  cracking  observations 

The  results  of  the  fatigue  experiments  are  combined  and  displayed  as  the  strain-life  curves 
(also  known  as  Coffin-Manson  curves)  as  shown  in  Fig.25.  The  vertical  axis  in  Fig. 25  represents 
amplitude  of  applied  equivalent  strain  and  the  horizontal  axis  represents  the  fatigue  life  of  the 
specimen.  An  arrow  next  to  the  data  point  means  that  the  specimen  did  not  fail  at  the  end  of 
experiment.  Since  the  results  are  represented  using  equivalent  strain  a  comparison  between  the 
fatigue  curves  corresponding  to  different  loading  can  be  made.  It  can  be  seen  that  the  fatigue  life 
of  specimens  tested  in  pure  torsion  is  higher  than  the  life  of  tension-compression  specimens.  At 
the  same  time,  the  shortest  fatigue  life  is  observed  for  the  specimens  tested  in  90  out-of-phase 
loading  condition.  The  strain-life  curves  run  approximately  parallel  to  each  other  and  tend  to 
merge  together  in  the  high  cycle  fatigue  region. 


Nf,  Cycles  to  Failure 

Fig.25  Strain-life  curves  corresponding  to  three  types  of  loading  (AISI  304L) 

It  was  observed  that  the  cracking  behavior  of  specimens  tested  in  pure  torsion  depends  on  the 
level  of  the  applied  strain  amplitude.  The  cracks  of  the  six  specimens  tested  in  pure  torsion  were 
photographed  and  the  angles  of  crack  orientation  were  measured.  The  details  are  shown  in 
Fig.26.  The  crack  orientation  can  be  defined  by  the  angle  formed  by  the  normal  to  the  cracking 
plane  and  the  vertical  axis  of  the  specimen.  From  the  photographs  of  the  fatal  cracks  shown  in 
Fig.26  it  can  be  seen  that  the  cracks  developed  in  the  tests  under  high  strain  amplitude 
(A^/2  >  1.0%)  tend  to  orient  at  either  0°or  90°  with  respect  to  the  vertical  axis  of  the  specimen 
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(planes  of  maximum  shear).  At  the  same  time  that  cracks  in  the  specimens  tested  under  low 
amplitudes  of  applied  strain  are  oriented  at  the  angles  close  to  45"  (along  the  planes  of  maximum 
tensile  stress). 


(b)  Ay/2  =  0.69% 


(c)  Ay/2  =  0.87% 


(a)  Ay/2  =  0.55% 


(e)  Ay /2  =  1.73%  (f)  Ay /'2 *'2.41% 

Fig. 26  Dependence  of  fatigue  cracking  orientation  on  loading  amplitude  in  pure  torsion 


2.3  CRACK  GROWTH  EXPERIMENTS 

Fatigue  crack  growth  experiments  for  304L  stainless  steel  were  performed  on  round  compact 
tension  (CT)  specimens  with  a  single  notch  under  sinusoidal  load-controlled  loading  in 
laboratory  environment  at  room  temperature.  All  the  specimens  have  a  thickness  of  3.8mm.  The 
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U-shape  notches  were  made  using  the  Electric  Discharge  Machine  (EDM)  in  order  to  avoid 
residual  stresses  resulting  from  a  traditional  saw  cutting.  The  design  of  the  specimens  is  shown 
in  Fig.  26. 


R20.64 


08.0 


-  W=30.95 
39.64 

Thickness=3.8 


Notch  1 


R=0  1 


Fig. 27  Design  of  the  compact  tension  specimen  for  AISI  304L  stainless  steel 

Crack  extension  from  notch  root  was  measured  using  an  optical  reading  microscope  with  a 
magnification  of  40.  To  facilitate  convenient  crack  extension  measurement,  one  side  of  each 
specimen  was  polished  enough  finely  before  installation  on  the  test  machine.  The  loading 
conditions  include  constant  amplitude  loading  with  different  /?-ratios,  constant  amplitude  loading 
with  a  single  tensile  overload  or  compression  underload  applied  at  certain  crack  length,  as  well 
as  two-step  sequence  loading. 

A  traditional  way  of  representing  the  crack  growth  results  by  using  the  stress  intensity  factor 
range  (AK)  was  employed  in  the  present  investigation.  It  should  be  mentioned  that  the  formula 
traditionally  used  for  stress  intensity  factor  [16]  is  not  applicable  for  small  cracks  (a  <0.2, 
where  a  =a/W  and  a  is  the  crack  length,  W  is  the  width  of  the  specimen). 


AK  =  AP-CF(a), 


C  = 


1 


a  = 


F(a)  = 


y/W-t'  w 

(2  +  a)(0.76  +  4.8a  -1 1.58a2  +1 1.43a3  -4.08a4) 


(1-a) 


3/2 


(5) 
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Fig. 28  Stress  intensity  factor  obtained  by  using  Eq.(5)  and  FE  method 

The  finite  element  method  (FEM)  was  employed  in  order  to  obtain  the  values  of  stress 
intensity  factor  at  small  crack  length.  In  Fig.  28,  the  results  of  FE  method  are  represented  in 
dimensionless  form  and  are  compared  to  the  function  F{a)  from  Eq.(5).  The  polynomial  fit  of 
6th  power  was  used  to  fit  the  dimensionless  function  obtained  with  FEM  as  a  function  of 
a=a/W  and  this  function  can  be  used  to  obtain  stress  intensity  factors  for  all  specimens  used  in 
the  experiments  on  AISI  304L  material.  All  results  of  the  crack  propagation  experiments  in  the 
present  report  are  represented  using  stress  intensity  factor  range  obtained  by  FEM  simulations. 

2.3.1  Constant  amplitude  experiments 

The  details  of  the  experiments  conducted  under  constant-amplitude  loading  with  the  R  -ratios 
ranging  from  -1  to  0.85  are  listed  in  Table  11.  It  should  be  noted  that  the  crack  length  is 
measured  from  the  line  of  action  of  the  applied  load  (Fig.27).  A  negative  value  of  the  crack 
length  is  possible  and  it  signifies  that  the  crack  tip  is  on  the  right  side  of  the  line  of  the  action  of 
the  applied  load. 

Figure  29  shows  the  results  of  the  crack  growth  experiments  performed  under  the  constant 
amplitude  loading  conditions  with  six  different  /^-ratios  ranging  from  -1  to  0.85  (see  Table  1 1). 
The  figure  also  includes  the  result  of  the  pre-cracking  step  ( R  =  0,  AP 12  =  2.5 kN)  for  specimen 
C16  which  was  subsequently  conducted  with  R  =  0.85  .  The  early  stage  crack  growth  is 
influenced  by  the  notch  geometry  as  well  as  the  amplitude  of  the  applied  load.  With  an  identical 
R- ratio  of  0.1,  the  curves  show  different  early  crack  growth  behavior  with  different  loading 
amplitudes.  The  dal  dN  -  A  K  curve  for  a  higher  loading  amplitude  (API  2  =  2A15kN)  reaches 
a  stable  growth  regime  almost  immediately  after  initiation.  At  the  same  time,  the  dal  dN  -  A K 
curve  obtained  from  the  test  with  a  lower  applied  load  ( API 2  =  2.2kN)  demonstrates  a  short 
crack-like  phenomenon  at  the  onset  of  cracking.  Such  a  phenomenon  is  especially  pronounced 
in  the  case  of  R  =  - 1  experiment.  As  the  crack  length  exceeds  the  size  of  the  notch  influencing 
zone,  the  crack  growth  rate  becomes  stable  and  can  be  approximately  represented  by  a  constant 
slope  in  the  log-log  da! dN  -  A K  representation. 
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Table  11  Constant  amplitude  loading:  AISI  304L 


Spec 

# 

R. 

ratio 

AP/2 

/ 

Notch 

radius 

Notch  depth 
/precrack  an 

^0.5 

Nf 

ar 

m 

(Hz) 

(mm) 

(mm) 

(cycle) 

(cycle) 

(mm) 

C01 

0.1 

2.475 

2~20 

0.188 

-1.340 

28,568 

259,320 

12.899 

C06 

0.1 

1.800 

2~20 

0.105 

-1.095 

90,574 

1,076,324 

16.027 

C20 

0.2 

2.000 

1~10 

2.016 

7.382 

61,193 

84,093 

13.062 

C02 

0.5 

1.750 

1~20 

0.130 

-1.311 

54,631 

323,461 

14.131 

C17 

0.5 

1.800 

2~15 

0.072 

-1.516 

42,422 

261,265 

10.329 

C03 

0.75 

1.000 

5~20 

0.152 

-1.216 

499,915 

1,483,387 

10.394 

C18 

0.75 

0.950 

10-20 

0.090 

-1.526 

371,680 

1,406,365 

10  572 

C16 

0.85 

0.540 

10-20 

* 

3.338 

255,793 

1,707,078 

11.843 

C14 

-1 

5.000 

0.5-4 

5.635 

2,089 

15,059 

12.895 

C24 

-1 

3.200 

2-3 

0.992 

2.361 

15,772 

215,494 

14.173 

R  -ratio  =  the  ratio  of  the  minimum  load  over  the  maximum  load  in  a  loading  cycle 
AP/2  =  external  loading  amplitude  /  =  loading  frequency 

an  =notch  depth  or  pre-crack  length  measured  from  the  line  of  action  of  the  applied  load 
jV05=number  of  loading  cycles  when  the  crack  length  from  the  notch  root  is  0  5  mm 
Nj  =number  of  loading  cycles  when  the  test  was  terminated 

af  =crack  length  measured  from  the  line  of  the  applied  load  at  the  termination  of  the  test 

*  pre-cracked  with  cyclic  load  of  R  =0.1,  A/72=2.5kN 
**  pre-cracked  with  cyclic  load  of  R  =-1,  A/V2=3.0kN 
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Fig. 29  Crack  propagation  under  constant  amplitude  loading  with  the  effect  of  the  R  -ratio 

(AISI  304L) 
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The  experimental  results  shown  in  Fig.  29  reveal  the  R- ratio  effect,  typical  for  stainless  steels, 
with  the  data  curves  corresponding  to  different  /^-ratios  being  approximately  parallel  to  each 
other.  It  should  be  mentioned  that  the  pre-cracking  was  used  for  the  specimen  tested  under  R-- 1 
condition  and  the  part  corresponding  to  the  stable  crack  growth  is  represented  in  Fig.29. 

2.3.2  Single  overload  experiments 

Seven  CT  specimens  were  tested  under  constant  amplitude  loading  with  a  single  overload  or 
underload.  The  details  of  the  overload  experiments  are  represented  in  Table  12. 


Table  12  Crack  growth  experiments  with  single overload/underload 


Spec# 

R- 

ratio 

API  2 

/ 

Notch 

radius 

Notch 

depth 

an 

Pol 

Nol 

aOL 

N, 

ar 

(kN) 

(Hz) 

(mm) 

(mm) 

(kN) 

(cycle) 

(mm) 

(cycle) 

(mm) 

C04 

0.1 

2.250 

2~20 

0  129 

-1.2165 

7.0 

338,195 

5.3365 

401,721 

11.5825 

C05 

0.1 

2.250 

3~20 

0  112 

-1  1255 

8.0 

269,423 

5.4585 

368,191 

11.2585 

C09 

0  1 

1.800 

1~20 

0  1095 

-1.0685 

7.0 

947,353 

8  2975 

1,106,536 

14  4345 

C11 

0.1 

1.800 

1~20 

0.125 

-1.153 

8.0 

752,718 

5.377 

1,344,659 

13.501 

C13 

0.1 

2.250 

2~15 

0.120 

-1.133 

-9.0 

387,427 

5.014 

425,582 

12.099 

C22 

0.1 

2  700 

0.5-10 

1.659 

4.2535 

-9.0 

102,865 

7.6245 

108,586 

11.5135 

C23 

0.1 

1.800 

3-20 

0.1145 

-1  4835 

-9.0 

684,340 

6  3735 

731,360 

11.4995 

POL  -  magnitude  of  overload  or  underload 


N()l  =  number  of  cycles  of  constant  amplitude  loading  before  overloading  or  underloading 
aol  =  crack  length  measured  from  the  line  of  action  of  the  applied  load  at  overloading  or 
underloading 


1/2 

AK,  Stress  Intensity  Factor  Range,  MPa  m 

(a) 


AK,  Stress  Intensity  Factor  Range,  MPa  m 


(b) 
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AK,  Stress  Intensity  Factor  Range,  MPa  m1/2  AK,  Stress  Intensity  Factor  Range,  MPa  m1 

(c)  (d) 

Fig. 30  Overload  effect  on  crack  growth  (AISI  304L) 

The  results  of  overload  experiments  are  shown  in  Fig.  30.  The  thick  dotted  line  in  each  plot 
represents  the  stable  crack  growth  rate  in  order  to  facilitate  the  observation  of  overload  effect. 
From  Fig.30  it  can  be  seen  that  application  of  a  tensile  overload  causes  significant  crack  growth 
retardation.  The  level  of  such  retardation  clearly  depends  on  the  magnitude  of  overload  as  well 
as  on  amplitude  of  applied  load.  It  should  be  noticed,  that  the  short  period  of  acceleration  of 
crack  growth  can  be  observed  immediately  after  application  of  overload.  Then  the  crack  growth 
slows  down  reaching  a  minimum  point.  With  further  application  of  loading  cycles  the  crack 
growth  rate  reaches  a  stable  growth  curve.  Such  behavior  has  been  observed  previously  from  the 
experiments  on  3 1 6L  stainless  steel  [20]  and  the  crack  acceleration  upon  application  of  overload 
was  attributed  to  the  cracking  from  voids  within  the  overload  plastic  zone. 

Three  specimens  were  subjected  to  single-cycle  underloading  (compressive  overload)  in  the 
otherwise  constant-amplitude  loading  histories.  Figure  31  demonstrates  the  results  of  the 
experiments.  The  markers  represent  the  experimentally  obtained  data  points  and  the  thick  dotted 
lines  represent  the  stable  crack  growth  line  obtained  from  the  Paris  law'  for  /?=0.1  loading  shown 
in  Fig.29.  In  all  of  the  three  experiments,  the  magnitude  of  the  applied  underload  was  kept  the 
same  and  was  9  kN.  The  plots  within  the  Fig.  31  are  arranged  in  the  order  of  increasing 
amplitude  of  constant  loading  applied  in  the  corresponding  experiments.  It  can  be  seen  from  Fig. 
31  that  unlike  the  effect  produced  by  overload,  underloading  results  in  an  acceleration  in  crack 
growth  of  the  subsequent  loading  cycles  right  after  the  application  of  the  overload.  Such  an 
acceleration  is  not  as  prominent  as  the  crack  growth  retardation  after  overloading.  However,  the 
underload  effect  is  not  insignificant  and  it  cannot  be  neglected.  It  should  be  noticed  from  Fig.  31 
that  the  magnitude  of  crack  growth  rate  acceleration  depends  on  the  amplitude  of  the  applied 
load  during  the  constant  amplitude  loading  part  of  the  experiment.  In  general,  with  the  same 
magnitude  of  underload,  the  specimen  tested  under  the  lower  constant  load  amplitude  produces  a 
greater  acceleration  in  crack  growth  right  after  the  application  of  the  underload. 


-38- 


da/dN  Crack  Growth  Rate,  mm/cycle 
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Fig. 31  Underload  effect  on  crack  growth  (AISI  304L) 
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2.3.3  High-Low  sequence  loading 


Three  experiments  were  conducted  to  study  the  influence  of  the  high-low  sequence  loading 
on  crack  growth.  The  details  of  the  testing  conditions  are  listed  Table  13.  It  should  be  stressed 
that  in  all  of  the  three  experiments,  the  values  of  the  load  amplitude  at  the  higher  load  steps  were 
kept  identical  and  the  loading  amplitudes  in  the  second  (lower)  loading  were  the  same.  Referring 
to  Fig.  32  for  the  detailed  loading  conditions,  the  maximum  load  was  the  same  for  the  two 
loading  steps  in  one  specimen  (Fig.  32(a)).  In  the  second  specimen,  the  minimum  load  was 
identical  in  the  two  loading  steps  (Fig.  32(b)).  The  third  specimen  experienced  two-step  loading 
with  identical  /?-ratio  in  the  two  loading  steps.  The  results  of  the  experiments  are  shown  in  Fig. 
33.  Due  to  the  fact  that  the  amplitude  of  the  loading  is  not  the  same  in  the  two  steps  of  the  high- 
low  experiment,  the  stress  intensity  factor  range  is  not  continuous  throughout  the  experiment. 


(a) 


(b) 


(c) 

Fig. 32  Schematic  of  High-Low  experiments 
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Table  13  High-low  sequence  loading 


Spec# 

ratio 

*2- 

ratio 

APJ2 

AP2/2 

/ 

Notch 

radius 

Notch 

depth 

Gn 

N„ 

aH 

N  r 

ar 

m 

(kN) 

(Hz) 

(mm) 

(mm) 

(cycle) 

(mm) 

(cycle) 

(mm) 

C07 

0.1 

0.4 

2.700 

1.800 

2~20 

0.102 

-1.169 

152,618 

5.020 

208,000 

12.203 

C08 

0.1 

0.143 

2.700 

1.800 

1—15 

0.104 

-1.162 

143,956 

4.428 

385,888 

11.847 

C19 

0.1 

0.1 

2  700 

1.800 

1-10 

0.099 

-1.600 

111,351 

4.593 

418,477 

12.549 

/?,=  /?  -ratio  in  higher  amplitude  loading 

R2-  R -ratio  in  lower  amplitude  loading 

A/^/2=loading  amplitude  in  higher  amplitude  loading 

A/)2/2  =  loading  amplitude  in  lower  amplitude  loading 

Nh  =  number  of  cycles  at  the  termination  of  the  higher  loading 

aH  =crack  length  measured  from  the  line  of  action  of  the  applied  load  at  the  termination  of  the 
higher  loading 
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The  horizontal  axis  in  the  plots  in  Fig.  33  represents  the  stress  intensity  factor  range  and  is 
broken  into  two  parts  corresponding  to  the  high  amplitude  and  low  amplitude  parts  of  the  test. 
The  values  of  AK  are  not  continuous  at  the  transition  from  one  loading  step  to  another.  In  each 
of  the  plots  the  dotted  line  corresponds  to  the  stable  crack  growth  under  constant  amplitude 
loading.  The  results  shown  in  Fig.  33  reveal  that  the  influence  of  the  high-low  sequence  loading 
depends  on  the  details  in  the  lower  amplitude  loading  step.  When  the  maximum  load  was  kept 
the  same  in  the  two  loading  steps,  the  higher  loading  step  had  practically  no  influence  on  the 
crack  growth  of  the  second  loading  step  with  a  lower  load  amplitude  (Fig.  33(a)).  However, 
significant  crack  growth  retardation  was  observed  on  the  other  two  specimens,  resembling  the 
overload  effect  shown  in  Fig.  30. 


3  AL6-XN  SUPERAUSTENITIC  STAINLESS  STEEL 

Stainless  steels  of  austenitic  type  are  known  for  their  desirable  ductility  and  high  corrosion 
resistance.  Among  a  variety  of  stainless  steels,  the  AL6-XN  alloy  is  distinguished  by  its  extreme 
stability  of  austenite  which  does  not  transform  to  martensite  over  a  wide  range  of  temperature 
and  plastic  deformation.  While  AL6-XN  possesses  an  excellent  formability  typical  for 
traditional  metastable  austenitic  steels,  there  is  no  plasticity-induced  martensitic  transformation 
under  cold  working.  Therefore,  the  alloy  is  commonly  referred  to  as  a  super-austenitic  stainless 
steel.  AL6-XN  is  a  relatively  new  material,  developed  by  Allegheny  Ludlum  Corporation,  and 
was  originally  designed  for  seawater  applications  -  offshore  platforms.  The  material  exhibits  a 
much  greater  resistance  to  chloride  pitting,  crevice  corrosion,  and  stress-corrosion  cracking  than 
the  300-series  stainless  steels  [29]. 

The  AL6-XN  alloy  has  been  used  in  a  variety  of  applications  ranging  from  chemical 
processing  tanks  to  nuclear  plant  service  water  piping  that  require  resistance  to  corrosive 
environments.  The  high  levels  of  chromium,  nickel,  molybdenum,  and  nitrogen  provide  an 
excellent  resistance  to  chloride  corrosion  and  stress  corrosion  cracking.  Despite  the  wide 
engineering  application,  the  AL6-XN  alloy  has  not  been  extensively  studied  for  the  mechanical 
properties.  Since  the  original  development  of  AL6-XN  steel  was  targeted  towards  the  off-shore 
platform  applications,  the  corrosion  resistance  to  the  salt  water  environments  [30-32]  was  a 
concern.  Other  work  on  the  properties  of  the  stainless  steel  has  been  done  primarily  in  the 
microstructural  features  [29,  33]  and  [34]  and  crack  propagation  in  the  welds  [35,  36].  Modeling 
of  the  plastic  behavior  was  conducted  based  in  particular  on  crystal  plasticity  theories  [37-39]. 

New  and  advanced  technique  for  three-dimensional  analysis  of  the  microstructure  was 
developed  and  applied  to  the  AL6-XN  steel  by  Lewis  and  co-workers  [33].  The  technique  is  a 
combination  of  a  serial  sectioning  and  electron  backscatter  diffraction  (EBSD)  which  allows  for 
a  reconstruction  of  individual  grains  with  boundary  conditions  in  three  dimensions.  The  data 
obtained  by  the  microstructure  analysis  can  be  used  for  crystal  plasticity  modeling.  Valuable 
observations  were  made  by  Stauffer  et  al  [34]  who  explored  the  connection  between  the 
microstructural  bands  of  AL6-XN  with  the  failure  mechanism  under  static  loading.  For  the 
tensile  specimens  oriented  in  such  a  way  that  the  microstructural  chemical  (or  composition) 
bands  were  parallel  to  the  loading  axis,  the  fracture  crack  was  observed  to  penetrate  along  the 
microstructural  band.  As  a  result,  the  specimen  showed  splitting  along  the  tensile  axis.  Such  an 
observation  reveals  a  degree  of  anisotropy  of  the  material  which  is  worthwhile  to  investigate 
further  through  an  observation  of  the  fatigue  crack  growth  mechanism  under  cyclic  loading. 
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A  plasticity  theory  developed  by  Voyiadjis  and  Abed  [39]  was  applied  to  AL6-XN  and  the 
predicted  results  were  compared  with  the  experimental  data  obtained  by  Nemat-Nasser  ct  al  [29] 
for  the  monotonic  compression  experiments  over  a  wide  range  of  strain  rates  and  temperatures. 
The  plasticity  model  is  based  on  the  dislocation  interaction  mechanisms.  The  model  considers 
the  strain  rate  and  temperature  influences  on  the  plastic  deformation  of  the  material  and  takes 
into  account  the  thermal  activation  analysis  and  the  decomposition  of  the  flow  stress  into  the 
thermal  and  athermal  parts. 

The  investigation  on  the  fatigue  behavior  of  AL6-XN  alloy  has  been  limited  to  welds.  Full 
scale  welded  I-beams  were  studied  for  the  fatigue  behavior  of  several  weld  details  (longitudinal 
fillet,  simulated  bulkhead  and  groove  welds)  [36].  Constant  amplitude  experiments  were 
conducted.  The  influence  of  the  grain  size  of  the  welded  material  on  the  fatigue  crack 
propagation  in  the  gas  metal  arc  welds  of  316L  and  AL6-XN  steels  were  investigated  [35].  It 
was  concluded  that  the  large  grain  size  of  welded  material  improved  the  fatigue  resistance. 

The  current  study  focuses  on  an  experimental  investigation  of  the  cyclic  plasticity  and  fatigue 
of  the  AL6-XN  stainless  steel.  Experiments  were  conducted  with  solid  specimens  subjected  to 
uniaxial  loading  and  tubular  specimens  under  pure  torsion  and  combined  axial-torsion  loading. 
The  experiments  were  performed  under  the  strain-controlled  condition  with  strain  amplitudes 
ranging  from  0.17%  to  1.4%.  The  stress-strain  response  was  collected  during  the  fatigue 
experiments  which  will  allow  for  an  understanding  of  the  cyclic  plasticity  behavior  of  the 
material.  An  observation  on  the  cracking  mechanisms  was  performed.  In  addition,  three  critical 
plane  multiaxial  fatigue  criteria  were  evaluated  based  on  the  experimental  results.  The  capability 
of  the  fatigue  criteria  in  predicting  the  fatigue  lives  and  the  cracking  directions  was  assessed. 

The  current  work  was  aimed  at  a  detailed  experimental  study  on  the  crack  growth  behavior  of 
the  AL6-XN  material.  The  experiments  were  conducted  using  a  number  of  round  compact 
tension  (CT)  specimens  under  different  loading  conditions.  The  primary  goal  was  to  investigate 
the  crack  growth  behavior  with  the  influences  of  the  R  -ratios  (ratio  of  the  minimum  load  to  the 
maximum  load  in  cycle),  the  underload  and  overload,  and  the  application  of  high-low  loading 
sequence  on  the  crack  growth.  The  results  of  the  crack  growth  experiments  conducted  on  the 
AL6-XN  stainless  steel  were  used  to  evaluate  the  applicability  of  the  two-parameter  model  for 
constant  amplitude  crack  growth  experiments  and  the  Wheeler  model  for  variable  amplitude 
loading.  A  modification  to  the  Wheeler  model  was  introduced  in  order  to  better  predict  the  crack 
growth  behavior  under  variable  amplitude  loading. 

3.1  MATERIAL 

The  chemical  composition  of  AL6-XN  stainless  steel  is  shown  in  Table  14  [33].  The 
microstructure  of  AL6-XN  is  shown  in  Fig.34. 


Table  14  Chemical  composition  of  AL6-XN  stainless  steel  (%) 


c 

Cr 

Ni 

Si 

Mn 

Mo 

N 

Cu 

0.016 

20.34 

23.93 

0.29 

0.40 

6.25 

0.226 

0.25 
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Fig. 34  Microstructure  of  AL6-XN  stainless  steel  -  three-dimensional  view.  Magnification: 

X800.  Etching:  V2A,  room  temperature 

The  microstrueture  is  observed  to  be  a  stable  austenite  with  a  substantial  amount  of  twinning. 
Dark,  bands  that  run  in  the  vertical  direction  can  be  noticed.  They  are  the  compositional  bands 
and  are  the  regions  of  Cr  and  Mo  enrichment  [33].  During  dendritic  solidification,  the 
microstructural  banding  occurs,  resulting  in  pools  of  alloying  elements.  Under  subsequent 
rolling,  those  regions  become  elongated  forming  the  microstructural  bands.  The  properties  of 
compositional  microstructural  bands  were  studied  in  detail  by  Stauffer  et  al  [34],  It  was 
determined,  that  the  bands  have  elevated  levels  of  Chromium  and  Molybdenum  and  decreased 
levels  of  Iron  and  Nickel.  In  addition,  the  microstructural  bands  have  higher  hardness  that  the 
matrix.  The  presence  of  such  bands  may  introduce  a  certain  degree  of  anisotropy  to  the 
macroscopic  mechanical  properties  of  AL6-XN  material. 


Table  15  Mechanical  properties  of  AL6-XN  steel 


Elasticity  Modulus,  E 

195GPa 

Shear  Modulus,  G 

76  GPa 

Poisson’s  Ratio,  ju 

0.3 

Yield  Stress,  cry 

380  MPa 

True  Fracture  Stress,  cr. 

1133.2  MPa 

Endurance  Limit,  cr0 

300  MPa 

The  static  and  cyclic  material  properties  are  listed  in  Table  15.  The  endurance  limit  was 
determined  as  the  stress  corresponding  to  the  strain  endurance  limit  from  the  fatigue  strain-life 
curve  as  described  in  Section  3.2.3.  The  true  fracture  stress  was  obtained  from  the  monotonic 
torsion  test.  The  shear  stress-shear  strain  curve  is  shown  in  Fig.  35.  The  true  fracture  stress  was 
found  to  be  rf  =  654.25MPa  .  This  gives  an  equivalent  true  fracture  stress  in  tension  to 

be  07  =1133.2  MPa. 
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3.2  CRACK  /W/77A 770A/  EXPERIMENTS 
3.2.1  Experiment 

Three  types  of  specimens  were  used  in  the  experiments.  They  were:  dog-bone  shaped 
specimens  for  tension-compression  tests,  solid  shaft  for  pure  torsion  tests  and  tubular  specimens 
used  in  pure  torsion  and  non-proportional  loading  experiments.  The  length  of  the  gage  section 
was  designed  in  order  to  accommodate  the  axial  or  biaxial  extensometer.  The  geometry  of  the 
specimens  is  shown  in  Fig.36.  It  should  be  noted  that  the  design  of  the  tubular  specimens  used 
for  fatigue  tests  on  AL6-XN  alloy  differs  from  that  used  for  tests  on  AISI  304L  and  7075-T651 
alloys  described  previously  in  the  report. 


Fig.36  Geometry  of  the  specimens  used  in  fatigue  experiments  on  AL6-XN  alloy  (all 
dimensions  are  in  mm),  a)  tension-compression  specimen;  b)  solid  shaft  specimen;  c) 

tubular  specimen 
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Fig. 35  Shear  stress-shear  strain  curve  (AL6-XN) 
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Strain-controlled  constant  amplitude  tension-compression,  pure  torsion,  and  non-proportional 
90°  out-of-phase  tests  were  performed  in  order  to  generate  Coffin-Manson  curve,  investigate 
cyclic  plasticity  properties  and  observe  cracking  behavior  of  AL6-XN  stainless  steel.  All  tests 
were  performed  in  fully  reversed  loading,  i.e.  the  mean  strains  were  zero.  The  details  of  the  tests 
are  represented  in  Table  16. 


Table  16  Strain-controlled  fully  reversed  fatigue  tests  (AL6-XN) 


Testing  Type 

Spec# 

/.Hz 

Ae/2, 

% 

Act  /2 , 

MPa 

Ay  /2 , 

% 

At/2, 

MPa 

Nr 

cycles 

XN07 

0.20 

1.00 

429.5 

- 

- 

3,121 

XN10 

0.40 

0  60 

347.0 

~ 

- 

11,287 

Tension- 

XN14 

0.50 

0.40 

325.6 

- 

- 

29,146 

Compression 

XN08 

XN1 1 

1.25 

2.00 

0.30 

0  24 

307.4 

308.4 

; 

; 

64,019 

126,000 

XN13 

2.50 

0  20 

305.5 

- 

- 

445,991 

XN12 

5  00 

0.18 

306.9 

- 

- 

1,250,000 

XN21 

0.10 

- 

- 

2.43 

366  9 

2,480 

XN06 

0.25 

- 

- 

1.73 

266.7 

9,000 

Pure 

XN03 

0  50 

- 

- 

1.04 

207.1 

32,000 

Torsion 

XN23 

0.50 

- 

- 

1.04 

207.1 

60,000 

Solid  Shaft 

XN20 

0  50 

- 

- 

1.00 

205.2 

50,000 

Specimens 

XN22 

0.60 

- 

- 

0.95 

202.5 

74,000 

XN01 

1.00 

- 

- 

0  69 

192.3 

179,501 

XN04 

2  00 

- 

- 

0  52 

188.6 

430,000 

AL6-XN-T08 

0.2 

- 

- 

1.30 

230.6 

11,600 

Pure 

Torsion. 

Tubular 

Specimens 

AL6-XN-T01 

0.2 

- 

- 

1.20 

209  1 

14,520 

AL6-XN-T09 

0.3 

- 

- 

1.04 

208.4 

17,400 

AL6-XN-T03 

0.5 

- 

- 

0  86 

199.1 

97,702 

AL6-XN-T05 

0.7 

- 

- 

0.66 

192.6 

192,130 

AL6-XN-T02 

0.8 

- 

- 

0  52 

190  6 

450,821 

AL6-XN-T04 

2.0 

- 

- 

0.43 

185  3 

745,000 

AL6-XN-T12 

0.1 

0.50 

643.0 

0.86 

398  4 

1,440 

Non- 

AL6-XN-T15 

0.2 

0.40 

508.3 

0.69 

321.1 

3,480 

Proportional 

AL6-XN-T13 

0.4 

0.32 

418.4 

0.55 

262  8 

8,220 

90°  out-of¬ 

AL6-XN-T 1 1 

0.5 

0.26 

359.4 

0.45 

226  3 

21,300 

phase 

AL6-XN-T14 

1.0 

0.20 

310  8 

0  35 

198.9 

47,500 

AL6-XN-T06 

2.0 

0.17 

288  9 

029 

181.1 

346,931 

/  -  frequency  of  applied  loading;  Ae/2- amplitude  of  applied  axial  strain, 


Ay/2  -  amplitude  of  applied  shear  strain;  Ag/2  -  axial  stress  amplitude; 

At! 2  -  shear  stress  amplitude,  yv;  -  number  of  cycles  to  failure. 


3.2.2  Cyclic  plasticity  behavior 

The  cyclic  hardening  curves  for  the  constant  amplitude  strain  controlled  tests  are  shown 
in  Fig.37.  From  the  Fig.37(a)(b)  it  can  be  seen  that  when  tested  under  pure  torsion  and  axial 
tension-compression  conditions  the  material  exhibits  gradual  softening  until  failure  of  the 
specimen.  The  rate  of  the  cyclic  softening  clearly  depends  on  the  magnitude  of  the  applied  strain. 
With  the  low  strain  amplitudes,  the  softening  rate  diminishes  and  the  stress  amplitude  becomes 
stable.  Under  high  strain  amplitudes  the  stress  amplitude  decreases  continuously  until  failure. 
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Such  softening  behavior  distinguishes  AL6-XN  from  300  series  of  stainless  steel.  In  case  of 
metastable  steels  (for  instance  304  or  316)  the  softening  is  followed  by  cyclic  hardening  which  is 
attributed  to  the  formation  of  martensite  from  austenite  by  plastic  deformation  [33].  Since 
austenite  is  highly  stable  in  AL6-XN  steel  due  to  the  high  content  of  Nickel  and  Nitrogen,  no 
such  plasticity  induced  martensitic  transformation  occurs  and  the  material  softens  under  cyclic 
loading.  In  addition,  it  should  be  noted  that  the  levels  of  stresses  are  generally  higher  for  the 
torsion  specimens  than  those  for  the  specimens  tested  under  tension-compression. 


N.  Number  of  Cycles 
(c) 

Fig. 37  Cyclic  hardening  behavior  of  AL-6XN  steel,  a)  tension-compression;  b)  pure 
torsion;  c)  non-proportional  90°  out-of-phase 
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Because  the  AL6-XN  alloy  exhibits  cyclic  softening,  there  is  no  stabilization  of  the  stress- 
strain  response.  Therefore,  it  is  difficult  to  define  stabilized  stress  amplitude  in  an  unambiguous 
way.  In  fact,  under  high  strain  amplitude,  the  stress  response  of  the  material  never  becomes 
stable.  As  a  rule,  the  value  of  the  stress  amplitude  in  Table  16  was  recorded  at  80%  of  fatigue 
life  of  the  specimen.  This  rule  was  impelled  by  the  fact  that  the  stress  amplitudes  corresponding 
to  80%  of  fatigue  life,  when  placed  on  the  cyclic  stress-strain  curve,  follow  the  cyclic  stress- 
strain  curve  produced  by  the  incremental  step  experiments. 


Fig. 38  Cyclic  Stress-Strain  Curves  of  AL6-XN  stainless  steel 


Two  specimens  were  tested  with  incremental  step  loading  in  order  to  generate  cyclic  stress- 
strain  curves  (CSSCs)  for  this  material.  These  incremental  step  tests  were  performed  under 
uniaxial  tension-compression  and  non-proportional  90°  out-of-phase  loading  conditions.  Figure 
38  shows  the  results  of  incremental  step  tests  together  with  the  results  based  on  stress-strain 
response  from  individual  specimens  tested  in  fatigue  experiments  (filled  markers).  For  the 
purpose  of  brevity,  the  change  in  cracking  behavior  that  will  be  discussed  in  a  later  section  is 
also  shown  in  Fig.38.  A  quasi-plateau  can  be  observed  in  the  cyclic  stress-strain  curve  obtained 
from  the  tension-compression  experiments  shown  in  Fig.38  starting  at  the  level  of  an  equivalent 
stress  magnitude  approximately  equal  to  260MPa.  This  stress  corresponds  to  the  endurance  limit, 
as  observed  from  the  S-N  curve  in  tension-compression.  When  the  equivalent  plastic  strain 
magnitude  is  higher  than  2x10  4,  the  cyclic  stress-strain  curve  for  non-proportional  axial- 
torsion  loading  lies  above  the  corresponding  curve  in  tension-compression  which  indicates  the 
presence  of  non-proportional  hardening.  Non-proportional  hardening,  the  additional  hardening 
due  to  the  non-proportional  loading,  becomes  more  significant  as  the  plastic  strain  magnitude 
increases. 

Figure  39  shows  the  selected  hysteresis  loops  taken  at  80%  of  fatigue  life  and  represented  in 
strain  range  -  stress  range  coordinates.  The  loops  were  taken  from  the  axial  tension-compression 
experiments.  By  arranging  the  plots  in  range  coordinates  with  the  lower  tips  of  the  loops 
positioned  at  the  origin  an  illustration  of  non-Masing  behavior  for  the  AL6-XN  alloy  can  be 
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provided.  If  material  displays  Masing  behavior,  the  upper  branches  of  the  loops  fall  on  one 
curve.  It  can  be  seen  from  Fig.39  that  material  under  consideration  shows  non-Masing  behavior. 


Fig. 39  Selected  stress-strain  hysteresis  loops  taken  at  80%  of  fatigue  life 


3.2.3  Strain-life  curve 


The  fatigue  results  of  the  tests  described  in  Table  16  are  shown  in  Fig.40  and  are  represented 
in  strain-life  form  (Coffin-Manson  curves)  with  the  vertical  axis  representing  the  equivalent 
strain  amplitude  and  horizontal  axis  representing  the  number  of  cycles  until  the  failure  of  the 
specimen. 


Nf,  Number  of  Cycles  to  Failure 


Fig.40  Strain-life  curves:  AL6-XN  alloy 
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With  the  same  equivalent  strain  amplitude,  results  shown  in  Fig.40  indicate  that  the  fatigue 
lives  for  torsion  are  higher  than  the  fatigue  lives  under  tension-compression.  The  fatigue  lives  of 
the  specimens  subjected  to  90"  out-of-phase  axial-torsion  loading  are  the  shortest  among  the 
three  loading  paths  for  the  same  equivalent  strain  amplitudes.  The  difference  is  more  significant 
for  larger  strain  amplitudes.  The  three  fatigue  curves  come  closer  in  the  high  cycle  fatigue 
regime.  The  strain-life  curves  under  tension-compression  and  90°  out-of-phase  axial-torsion 
loading  appear  smooth  as  can  be  expected  for  most  engineering  materials.  However,  the  strain- 
life  curve  under  pure  torsion  displays  a  noticeable  phenomenon.  In  the  region  associated  with 
higher  strain  amplitudes  (from  0.6%  to  1.4%)  the  fatigue  life  curve  for  pure  torsion  comes  close 
to  the  curve  for  tension-compression.  The  second  region  (0.25%  to  0.6%  of  equivalent  strain 
amplitude)  is  characterized  by  longer  fatigue  lives.  Between  those  regions,  the  transition  part 
can  be  seen,  in  which  the  fatigue  life  varies  greatly  even  with  the  same  applied  strain  amplitude. 

The  endurance  limit  for  the  AL6-XN  steel  is  found  from  the  tension-compression  fatigue 
data.  The  corresponding  Coffm-Manson  curve  is  fitted  using  Eq.  (1)  as  shown  in  Fig.41.  The 
endurance  limit  from  the  fit  is  £0  =0.00132.  The  stress  amplitude,  corresponding  to  this  strain 

amplitude  can  be  found  from  the  cyclic  stress-strain  curve  for  this  material,  which  is  obtained  as 
a  result  of  incremental  step  test. 


Nf,  Number  of  Cycles  to  Failure 

Fig.41  Tension-compression  strain-life  curve  for  AL6-XN 


3.2.4  Cracking  observations 

Each  region  of  the  strain-life  curve  in  pure  torsion  described  in  section  3.2.3  is  associated 
with  specific  orientation  of  the  fatigue  cracks.  The  orientation  of  the  crack  is  defined  by  the 
angle  formed  by  the  normal  to  the  cracking  plane  and  the  vertical  axis  of  the  specimen,  as  shown 
in  the  insert  in  Fig.42.  The  schematics  of  the  cracking  behavior  in  pure  torsion  is  shown  in  Fig. 
42  and  in  order  to  facilitate  discussion,  the  shear  strain  amplitude  is  plotted  against  the  fatigue 
life.  The  observed  cracking  behavior  in  pure  torsion  is  shown  next  to  the  corresponding  data 
points  in  Fig.42  together  with  the  three  selective  photographs  of  the  cracks  corresponding  to  the 
different  regions  in  the  strain-life  curve. 
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Nf,  Number  of  Cycles  to  Failure 


Fig.42  Orientation  of  fatigue  cracks 

From  Fig.42,  it  can  be  seen,  that  at  lower  strain  amplitudes  the  specimen  fails  with  single 
crack  oriented  at  45"  with  respect  to  the  axis  of  the  specimen.  With  increasing  applied  strain,  the 
single  45"  crack  transforms  into  “X-shaped”  crack.  The  horizontal  central  portion  of  the  X- 
shaped  crack  then  becomes  more  pronounced  until  the  45°  branches  disappear  and  the  crack 
becomes  truly  horizontal.  It  can  be  seen  that  the  small  change  in  shear  strain  amplitude  from 
0.85%  to  1 .04%  results  in  a  dramatic  change  in  the  cracking  behavior  of  this  material  under  pure 
torsion.  The  typical  cracks  associated  with  different  regions  of  the  strain-life  curve  are  shown  in 
the  photographs  below  (Fig.43  ). 

The  point  of  change  in  cracking  behavior  can  also  be  identified  on  a  cyclic  stress-strain  curve 
as  shown  in  Fig. 38.  It  can  be  established,  based  on  the  experiments,  that  when  the  equivalent 
plastic  strain  amplitude  is  less  than  3.7  x  10  1  or  the  equivalent  stress  amplitude  is  less  than  360 
MPa,  the  material  displays  tensile  cracking.  Above  these  values,  the  material  under  investigation 
exhibits  mixed  cracking.  The  transition  between  the  two  cracking  modes  occurs  approximately 
at  the  end  of  the  quasi-plateau  regime  on  the  CSSC.  This  demarcation  line  will  be  used  to 
determine  a  material  constant  in  a  multiaxial  fatigue  criterion  that  will  be  discussed  in  later 
section. 
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Fig.43  Cracking  orientation  under  different  equivalent  strain  amplitudes,  (a)  At/2  =  0.6%; 
(b)  At/2  =  0.58%;  (c)  At/2  =  0.50%,  (d)  At/2  =  0.30% 

In  the  case  of  tension-compression  loading  the  cracks  are  oriented  at  0"  with  respect  to  the 
loading  axis.  One  specimen  was  chosen  to  investigate  the  mechanism  of  crack  propagation.  The 
portion  of  the  specimen  containing  the  crack  was  sectioned,  polished  and  etched  in  order  to 
reveal  the  grain  structure  and  to  study  the  details  of  crack  propagating  through  the  thickness  of 
the  specimen.  The  details  of  the  cracking  are  shown  in  the  Fig.44.  The  figure  depicts  the  cross- 
section  of  the  tension-compression  specimen  (tested  under  Ae/2  =  0.2%  strain  amplitude) 
containing  the  crack.  The  total  length  of  the  crack  was  measured  to  be  1 .4  mm.  The  crack  starts 
at  the  surface  of  the  specimen  and  propagates  through  the  grains  -  i.e.  the  crack  growth  is 
intragranular. 


Fig.44  Crack  propagation  through  the  thickness  of  the  specimen 
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3.3  CRACK  GROWTH  EXPERIMENTS 


An  experimental  investigation  of  fatigue  crack  growth  in  AL6-XN  stainless  steel  was 
conducted  using  standard  compact  tension  (CT)  specimens.  The  series  of  experiments  were 
designed  and  performed  in  order  to  investigate  in  details  the  major  features  of  crack  growth 
behavior:  effect  of  A-ratio  (the  ratio  of  the  minimum  load  to  the  maximum  applied  load  in  a 
cycle)  together  with  the  influence  of  the  size  of  the  notch  root,  effect  of  tensile  and  compressive 
overloads  and  behavior  under  two  step  high  -  low  amplitude  loading  conditions. 

Round  compact  tension  specimens  were  machined  from  as-received  AL6-XN  round  bar  with 
a  diameter  of  44.44  mm  in  the  transversal  direction.  The  design  of  the  specimens  is  shown  in 
Fig.45.  The  thickness  of  the  specimens  was  3.8  mm.  The  notches  were  cut  using  the  EDM 
(electro-discharge  machine)  process  in  order  to  eliminate  cold  work  associated  with  traditional 
saw  cutting.  One  side  of  the  specimens  was  polished  in  order  to  facilitate  the  observation  of 
crack  growth.  No  heat  treatment  was  done  to  the  specimens  prior  to  testing.  The  crack  growth 
experiments  were  conducted  using  an  Instron  8870  material  testing  machine  with  a  25  kN 
capacity  load  cell.  The  testing  facility  was  equipped  with  computer  control.  All  the  experiments 
were  performed  in  ambient  air.  Crack  propagation  was  observ  ed  and  measured  by  means  of  an 
optical  microscope  with  a  magnification  of  X40.  Four  types  of  experiments  wrere  performed: 
constant  amplitude  loading,  single  overload,  single  underload  and  high-low  sequence  loading. 
The  results  of  the  crack  growth  tests  are  represented  in  a  standard  way  as  a  crack  growth  rate 
( da/dN )  versus  the  stress  intensity  factor  range  ( A K )  for  a  given  loading  condition.  The  values 
of  AX  were  obtained  through  a  finite  element  analysis  as  described  previously  in  the  report. 


Fig.45  Compact  tension  specimen  for  the  AL6-XN  alloy 
3.3.1  Constant  amplitude  experiments 

The  details  of  the  experiments  conducted  under  constant-amplitude  loading  with  the  R  -ratios 
ranging  from  -1  to  0.85  are  listed  in  Table  17.  In  order  to  facilitate  the  crack  growth  experiment 
with  R  =  0.85 ,  pre-cracking  was  used  for  Specimen  C28  and  the  crack  length  (as  measured  from 
the  line  of  the  load  application)  at  the  end  of  pre-cracking  step  is  reported  as  the  notch  depth  in 
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Table  17.  The  final  crack  length  for  this  specimen  is  reported  as  that  measured  from  the  crack 
length  at  the  end  of  pre-cracking.  The  pre-cracking  for  Specimen  C28  was  performed  under  the 
loading  conditions:  R  =  0;  AT*/ 2  =  2.5 kN  . 


Table  17  Constant  amplitude  loading  for  the  AL6-XN  alloy 


Spec# 

R- 

ratio 

a  p/2 

/ 

Notch 

diameter 

Notch 

depth 

/precrack 

°n 

Number  of 
cycles  when 
a=0.5  mm 

", 

at 

(kN) 

(Hz) 

(mm) 

(mm) 

(cycle) 

(cycle) 

(mm) 

C01 

0.1 

2.475 

1  ~1 5 

0.423 

0.844 

66,475 

394,630 

16.691 

C02 

0.1 

2.250 

1-10 

0.402 

0.304 

90,118 

563,892 

19  703 

C04 

0.1 

2.025 

1  ~1 5 

0.410 

0.211 

274,762 

1,299,728 

18.665 

C20 

0.1 

2.250 

2~10 

1.124 

0.579 

175,425 

709,582 

10.003 

C08 

0  5 

1.750 

2-10 

0.280 

0.079 

113,093 

612,670 

16  242 

C19 

05 

1.500 

1-10 

0.237 

0.026 

180,503 

996,150 

14.018 

CIO 

0.75 

1  000 

2~20 

0.274 

0.154 

808,973 

2,784,847 

15.324 

C21 

0.75 

1.125 

5-15 

0.215 

0.071 

338,089 

1,399,690 

9.306 

C23 

-1 

4.000 

0.5-3 

0.235 

0.033 

2,479 

269,391 

16.746 

C28 

0.85 

0.680 

10-20 

0.115 

5.244 

135,880 

1,211,963 

7.643 

r  -ratio  =  minimum  load  over  the  maximum  load  in  a  loading  cycle 
ap/2  =  loading  amplitude  /  =  loading  frequency 

an  =  distance  between  the  notch  root  and  the  line  of  action  of  the  externally  applied  load 
Nr  =  total  cycles  af  =final  crack  length 

Generally,  a  compact  specimen  is  not  recommended  for  tension-compression  loading  (  R  <0). 
In  the  current  investigation,  the  two  loading  holes  in  the  compact  specimen  were  machined  to 
have  a  tight  tolerance  so  that  the  gap  between  the  pin  in  the  loading  fixture  and  the  hole  in  the 
specimen  was  minimal.  For  the  range  of  the  testing  frequencies  used  in  the  experiments,  the 
maximum  and  minimum  loads  dictate  the  fatigue  behavior.  The  experiments  indicated  that  the 
maximum  and  minimum  loads  can  be  controlled  accurately  with  the  compact  specimen  for  the 
R  <0  loading  cases. 

The  crack  growth  rate  was  calculated  from  the  experimentally  obtained  measurements  of  a 
crack  length  as  a  function  of  number  of  loading  cycles.  The  growth  rate  is  then  is  derived  using  a 
parabolic  curve  fitting  based  on  seven  data  points  and  taking  the  derivative  in  the  middle  point. 
Figure  46  shows  the  results  of  the  crack  growth  under  constant  amplitude  loading  with  different 
/(-ratios  and  loading  amplitudes.  The  vertical  axis  represents  the  crack  growth  rate  and  the 
horizontal  axis  represents  the  stress  intensity  factor  range.  No  pre-cracking  was  used  and  each 
experiment  started  with  constant  loading  amplitude  and  proceeded  until  the  crack  length  reached 
a  certain  value  (as  illustrated  in  Table  17).  It  can  be  seen  that  the  material  displays  significant  R- 
ratio  effect  with  the  data  curves  corresponding  to  different  /(-ratios  being  approximately  parallel 
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to  each  other.  In  addition  it  can  be  observed  that  the  short  crack  regime  for  the  specimen  tested 
with  R  =  -\  extends  for  considerably  large  range  of  crack  length. 


Fig.46  Crack  growth  results  under  constant  amplitude  loading 


Fig.47  Microstructural  observation  of  fatigue  crack  growth  in  AL6-XN  steel 
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In  order  to  investigate  the  microstructural  mechanism  of  crack  propagation,  the  area  close  to 
the  notch  root  of  one  of  the  specimens  was  etched  and  the  specimen  was  tested  under  conditions 
R  =  0.1,  AP/2  =  1.8  kN.  The  crack  starting  from  the  notch  was  then  observed  under  a 
microscope.  Figure  47  shows  photograph  of  the  fatigue  crack  propagating  through  the  austenite 
matrix.  The  crack  path  is  indicated  by  the  arrows  in  the  figure. 

As  a  result  of  excessive  plastic  deformation,  a  considerable  amount  of  developed  persistent 
slip  bands  (PSB)  can  be  observed  on  the  photograph  in  Fig.  47.  The  photograph  reveals  that  the 
crack  develops  through  the  grains,  i.e.  the  crack  propagation  mechanism  is  intragranular.  High 
resistance  to  the  intergranular  cracking  can  be  expected  in  this  material,  taking  into  account 
absence  of  carbide  formation  at  the  grain  boundaries  in  AL6-XN  steel. 

3.3.2  Single  overload  experiments 

Five  specimens  were  tested  under  constant  amplitude  load  with  single  overload  (high 
magnitude  tensile  load  applied  over  one  cycle)  and  underload  (compressive  load  applied  over 
one  cycle).  The  detailed  loading  conditions  of  these  experiments  are  summarized  in  Table  1 8. 


Table  18  Constant  amplitude  loading  with  a  single  overload  (underload) 


Spec# 

R- 

ratio 

AP/2 

/ 

Notch 

diameter 

Notch 

depth 

an 

Pol 

A 

aOi 

N, 

af 

(kN) 

(Hz) 

(mm) 

(mm) 

(kN) 

(cycle) 

(mm) 

(cycle) 

(mm) 

C14 

0.1 

2.25 

1~15 

0.257 

-0.056 

8.0 

560,479 

7.54 

746,196 

16.501 

C17 

0.1 

1.80 

1-15 

0.254 

-0.069 

8.0 

1,394,380 

10.185 

1,727,727 

16  690 

C24 

0.1 

2.25 

1-15 

0.232 

-0.310 

8.0 

543,255 

6.868 

723,829 

15.692 

C18 

0.1 

2.25 

1-15 

0.205 

0  086 

-9.0 

765,414 

7.37 

803,731 

13.926 

C25 

0.1 

1.80 

3-15 

0.220 

-0.181 

-9.5 

1,575,890 

10.106 

1,608,048 

14.294 

P()l  =  magnitude  of  the  overload  or  underload  N()l  =  number  of  cycles  before  overload 
uol  =  crack  length  at  overload,  as  measured  from  the  notch  root 


The  results  of  overload  tests  are  represented  in  Fig.48.  The  dashed  line  in  each  plot  shows 
the  stable  crack  growth  under  a  constant  amplitude  loading  and  is  described  by  the  Paris  law.  It 
can  be  seen,  that  application  of  overload  after  the  period  of  constant  amplitude  loading  greatly 
influences  subsequent  crack  growth  behavior.  Significant  retardation  of  the  crack  growth  after 
overload  can  be  observed.  The  magnitude  of  such  retardation  is  approximately  the  same  in  all 
three  cases  depicted  in  Fig.48.  As  the  crack  extends  beyond  the  plastic  zone  introduced  by 
overload,  the  crack  growth  rate  gradually  reaches  the  stable  regime. 
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Fig.48  Effect  of  single  overload  on  crack  growth 
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Figure  49  shows  the  results  of  tests  performed  with  single  underload  (compressive  overload). 
No  retardation  of  the  crack  growth  can  be  seen  in  this  case  and,  in  fact,  the  crack  growth 
accelerated  immediately  after  application  of  the  compressive  load.  This  acceleration  is 
pronounced  in  the  case  of  higher  loading  amplitude  (Fig.49(a))  and  is  vanishingly  small  in  the 
case  of  lower  loading  amplitude  (Fig.49(b)).  The  effect  of  underload  has  a  very  short  life  and  the 
crack  growth  returns  to  the  stable  regime  rather  quickly.  Thus,  it  is  possible  to  make  a  conclusion, 
that  application  of  compressive  overload  does  not  influence  significantly  the  crack  growth. 


3.3.3  High-Low  loading  sequence 

Details  of  the  high-low  sequence  loading  experiments  are  represented  in  Table  19. 


Table  19  High-low  loading  sequence 


Spec# 

ratio 

*2- 

ratio 

APt  12 

APJ2 

/ 

Notch 

diameter 

Notch 
depth  an 

aH 

ar 

(kN) 

(kN) 

(Hz) 

(mm) 

(mm) 

(cycle) 

(mm) 

(cycle) 

(mm) 

C15 

0.1 

0.4 

2.70 

1  80 

2~10 

0.218 

-0.067 

298,270 

5.884 

387,756 

13.941 

C16 

0.1 

0.143 

2.70 

1.80 

1  ~1 5 

0.176 

-0.006 

261,142 

5.388 

538,831 

12.787 

C26 

0.1 

0.1 

2.70 

1.80 

1  ~1 5 

0.225 

-0.034 

199,607 

4.982 

743,163 

14,953 

/?,=  /?  -ratio  of  the  first  step  R2=  R  -ratio  of  the  lower  loading  amplitude  step 

AT,  /2  =  higher  loading  amplitude  A P2  /2  =  lower  loading  amplitude 

Nh  =  number  of  cycles  in  the  higher  amplitude  step 

aH  =  crack  length  at  the  termination  of  the  high  amplitude  test,  as  measured  from  the  notch  root 
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Figure  50  shows  a  schematic  illustration  of  the  loading  condition  for  the  two-step  high-low 
loading  sequence  experiment.  The  experiments  were  designed  in  the  way,  similar  to  that 
described  above  for  AISI  304L  steel.  One  of  the  tests  was  conducted  with  the  maximum  load 
being  the  same  in  both  high  and  low  steps  (Fig. 50(a))  and  the  second  test  was  done  with  the 
same  minimum  load  in  both  steps  (Fig.50(b)).  Finally,  the  third  specimen  was  tested  under 
condition  that  the  .ft-ratio  was  kept  constant  throughout  the  experiment  (Fig.50(c)).  The  results 
are  shown  in  Fig.  51. 


(a) 


(b) 


(c) 

Fig. 50  Schematic  illustration  of  high-low  experiments 
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Fig. 51  High-Low  loading  sequence  experiments 


The  horizontal  axis  in  the  plots  in  Fig.  51  represents  the  stress  intensity  factor  range  and  is 
broken  into  two  parts  corresponding  to  the  high  amplitude  and  low  amplitude  parts  of  the  test. 
The  values  of  AK  are  not  continuous  at  the  transition  from  one  loading  step  to  another.  In  each 
of  the  plots  the  dotted  line  corresponds  to  the  stable  crack  growth  under  constant  amplitude 
loading.  It  can  be  seen  that  the  transition  to  the  low  amplitude  test  (Fig.51(a))  when  the 
maximum  amplitude  is  constant  in  both  steps  has  no  effect  on  crack  growth  rate.  At  the  same 
time  a  crack  growth  retardation  in  the  low  amplitude  step  can  be  observed  when  the  specimen  is 
tested  with  either  same  minimum  load  (Fig.51(b))  or  the  same  /?-ratio  (Fig. 5 1(c)).  In  the  latter 
cases  the  effect  of  application  of  high-low  loading  sequence  can  be  compared  to  the  effect 
produced  by  single  overload  tests. 


4.  AISI  4340V M  AEROSPACE  STEEL 

4340  alloy  steel  is  a  ferritic  alloy  and  has  been  widely  used  in  aeronautic  applications, 
landing  gears,  reductors,  etc.  It  comes  in  two  varieties  -  as  air  melted  and  as  vacuum  arc  melted 
(VM).  The  process  of  vacuum  melting  produces  a  material  with  lower  percent  of  inclusions  and 
gas  phases,  which  in  general  would  increase  fatigue  resistance  of  the  alloy. 

The  Aerospace  high  strength  steel  4340  is  not  new  to  the  industry  and  the  mechanical  and 
fatigue  properties  of  this  alloy  have  been  studied  over  the  years  [40-43].  Much  of  the  effort  was 
targeted  towards  investigation  of  fatigue  behavior  in  different  environments  (environmentally 
influenced  fatigue)  [44-46].  Extensive  study  of  fatigue  crack  growth  in  4340  steel  was  done  by 
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Liaw  et  al.  [40].  The  crack  growth  behavior  was  studied  under  different  /^-ratios  in  different 
gaseous  environments.  It  was  shown,  that  the  effect  of  R- ratio  is  more  pronounced  in  laboratory 
air  environment  than  in  dry  hydrogen  and  dry  helium  environments.  In  addition,  an  interesting 
phenomenon  was  observed  that  the  crack  growth  rate  behavior,  namely  the  effect  of  R-ratio,  is 
very  similar  in  wet  hydrogen  and  in  dry  environments. 

It  is  known  that  the  heat  treatment  can  change  the  fatigue  properties  of  the  material.  The 
effect  of  type  and  fraction  of  secondary  phase  on  the  fatigue  crack  growth  behavior  of  4340  steel 
was  experimentally  studied  by  Hwang  et  al.  [47].  The  second  phase  in  the  alloy  produced  by 
different  types  of  heat  treatment  can  be  bainite  or  tempered  martensite.  It  was  shown,  that  due  to 
the  ductility  of  martensitic  second  phase,  the  specimens  treated  by  interrupt  quenching,  which 
produces  tempered  martensite,  displayed  higher  resistance  to  the  fatigue  crack  growth. 

The  fatigue  crack  growth  response  of  4340  steel  under  variable  amplitude  has  also  been 
studied  [48-50],  Investigation  of  fatigue  crack  growth  behavior  in  4340  alloy  subjected  to  Mode 
I  and  Mode  II  overloads  was  done  by  Nayed-Hashemi  [50].  It  was  shown  that  while  Mode  I 
overload  retards  the  crack  propagation,  the  overloading  in  Mode  II  produces  an  opposite  effect 
promoting  the  crack  growth  acceleration  after  overloading. 

Due  to  the  high  cost  of  production  by  vacuum  arc  melting,  air-melted  variety  of  4340  steel  is 
used  in  most  of  application  and  the  research  of  mechanical  properties  has  been  done  on 
conventionally  air-melted  material.  While  the  static  material  properties  do  not  change 
significantly  depending  on  the  production  method,  the  fatigue  properties  under  cyclic  loading  for 
vacuum-melted  4340  steel  can  be  different  than  those  of  conventionally  produced  material. 

The  current  section  of  the  report  describes  the  results  of  experimental  work  done  on  fatigue 
behavior  of  4340  VM  aerospace  steel.  Fatigue  crack  initiation  experiments  were  conducted  on 
smooth  dog-bone  shaped  specimens.  The  primary  goal  was  investigation  of  transient  behavior 
under  cyclic  loading,  behavior  of  S-N  curve,  and  orientation  of  fatal  cracks.  Crack  growth 
experiments  were  done  using  round  compact  tension  specimens  and  the  goal  of  experimental 
work  was  to  investigate  R-ratio  effect  on  crack  growth  under  constant  amplitude  loading  as  well 
as  effects  of  overloads  and  sequence  loading. 

4.1  CRACK  INITIATION  EXPERIMENTS 

The  smooth  specimens  for  crack  initiation  experiments  were  machined  from  as-received 
commercially  available  4340  VM  Aerospace  steel  supplied  as  a  round  bar  with  diameter  of  25.4 
mm.  The  chemical  composition  of  4340  steel  is  shown  in  Table  20.  The  fatigue  crack  initiation 
experiments  included  tests  under  fully  reversed  strain-controlled  tension-compression  and  fully 
reversed  torsion.  Two  types  of  specimens  were  utilized  in  the  experiments:  uniaxial  dog-bone 
shaped  cylindrical  specimens  and  solid  shaft  specimens  for  pure  torsion.  The  dimensions  of  the 
specimens  are  shown  in  Fig.  52. 


Table  20  Chemical  composition  of  4340  Aerospace  steel,  wt% 


c 

Cr 

Mn 

Mo 

Ni 

0.37 

0.70 

0.70 

0.20 

1.83 
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Fig. 52  Specimens  used  in  crack  initiation  experiments  on  4340  VM  steel 
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Fig. 53  Monotonic  torsion  curve  obtained  by  testing  4340  VM  Aerospace  steel 


Table  21  Material  properties  of  4340  VM 


Elasticity  Modulus,  E 

212  GPa 

Shear  Modulus,  G 

68.24  GPa 

Poisson’s  Ratio,  /y 

0.3 

Yield  Stress,  er, 

470  MPa 

True  Fracture  Stress,  a  f 

1050  MPa 

Endurance  Limit,  cr0 

383  MPa 
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An  lnstron  biaxial  tension-torsion  hydraulic  testing  machine  was  used  for  the  experiments. 
The  axial  load  cell  has  a  capacity  of  222  kN  and  the  torque  cell  has  a  capacity  of  2825  N-m.  All 
experiments  were  conducted  with  computer  control  and  data  acquisition  software. 

In  order  to  determine  the  static  material  properties,  one  of  the  specimens  was  subjected  to 
pure  monotonic  torsion  loading.  The  resulting  shear  stress-shear  strain  curve  is  shown  in  Fig.  53. 
The  surface  strain  was  measured  by  using  an  extensometer  and  the  surface  stress  was  determined 
following  the  Nadai’s  formula  [9].  The  static  material  properties  of  4340VM  steel  together  with 
the  endurance  limit  are  arranged  in  Table  21. 

For  the  uniaxial  tension-compression  experiments,  an  extensometer  with  a  gage  length  of 
12.7  mm  and  a  range  of  5.0%  was  used  to  measure  the  axial  strain.  For  the  torsion  and  axial- 
torsion  experiments,  an  extensometer  capable  of  measuring  axial,  shear,  and  diametral  strains 
was  used.  The  extensometer  has  a  range  of  5%  in  the  axial  strain  measurement  and  3%  in  the 
shear  strain.  All  of  the  experiments  were  conducted  in  ambient  air.  The  details  of  the  fatigue 
experiments  are  summarized  in  Table  22. 


Table  22  Strain-controlled  fatigue  experiments  for  4340VM  aerospace  steel 


Type  of  Test 

Specimen  # 

f,  Hz 

Ae/2 

Ay/2 

Nf,  Cycles 

VM-05 

0.10 

0.0100 

500 

VM-03 

0.25 

0.0070 

780 

VM-01 

0.50 

0.0050 

4,700 

Uniaxial  Tension- 

VM-06 

1.00 

0  0040 

8,100 

Compression 

VM-02 

1.00 

0.0030 

36,710 

VM-04 

2.50 

0.0025 

105,100 

VM-09 

4.00 

0.0022 

304,500 

VM-07 

4.00 

0.0020 

>1  210,500 

VM-23 

0.10 

0.0242 

820 

VM-14 

0  10 

0.0173 

1,700 

VM-20 

0  10 

0.0147 

2,880 

VM-17 

0.20 

0.0121 

3,100 

Solid  Shaft  Pure 
Torsion 

VM-19 

0.25 

0.0104 

7,400 

VM-15 

0.25 

0.0087 

13  400 

VM-18 

0.50 

0  0069 

30,100 

VM-21 

1.00 

0.0057 

80,500 

VM-13 

0  50 

0  0052 

81,300 

VM-16 

2.00 

0  0043 

244,000 

VM-22 

2.00 

0.0034 

752,000 

f-  frequency  of  applied  loading;  Ae/2  -  amplitude  of  applied  axial  strain; 

Ay/2  -  amplitude  of  applied  shear  strain;  N,-  number  of  cycles  to  failure. 


One  of  the  tension-compression  specimens  was  tested  under  incremental  step  loading  to 
generate  the  cyclic  stress-strain  curve  (CSSC).  The  results,  combined  with  the  stress-strain 
output  values  collected  during  the  fatigue  tests  on  individual  specimens,  are  shown  in  Fig.  54.  A 
typical  quasi-plateau  can  be  observed  with  the  stress  amplitude  level  at  about  400  MPa. 
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Figure  55  represents  the  cyclic  hardening  curves  based  on  the  data  collected  during  the 
experiments.  Due  to  the  specifics  of  the  testing  equipment,  in  some  cases  the  pre-set  value  of  the 
strain  amplitude  is  not  reached  immediately  at  the  beginning  of  the  test.  Therefore,  the 
stabilization  period,  during  which  the  strain  control  reaches  its  designed  value,  has  been  removed 
from  the  graphs  in  Fig.55.  It  can  be  seen  in  Fig.55  that  material  demonstrates  cyclic  softening  as 
the  number  of  loading  cycles  increases.  The  amount  of  softening  depends  on  the  level  of  the 
applied  strain  amplitude  and  is  more  pronounced  under  higher  values  of  strain. 


N,  Number  of  Cycles 

Fig.55  Cyclic  behavior  of  4340  VM  aerospace  steel 

The  non-Masing  behavior  (the  strain  range  effect)  is  demonstrated  in  Fig.56  which  shows 
the  hysteresis  loops  obtained  at  the  half-life  of  the  specimens  and  plotted  in  stress-strain  range 
coordinates.  If  the  material  displays  Masing  behavior,  all  the  upper  braches  of  the  hysteresis 
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loops  shown  in  Fig.56  should  coincide.  It  is  evident  from  Fig.  56  that  4340  VM  steel  displays 
non-Masing  behavior  or  strain  range  effect  particularly  when  the  loading  amplitude  is  large. 


Fig.56  Non-Masing  behavior  of  4340  VM  steel 


Nf,  Number  of  Cycles  to  Failure 


Fig. 57  S-N  curves  of  4340  VM  aerospace  steel 

The  results  of  the  fatigue  experiments  are  combined  and  displayed  as  the  strain-life  curves 
and  are  shown  in  Fig. 57.  The  vertical  axis  in  Fig.57  represents  amplitude  of  applied  equivalent 
strain  and  the  horizontal  axis  represents  the  fatigue  life  of  the  specimen.  An  arrow  next  to  the 
data  point  indicates  that  the  specimen  did  not  fail  at  the  end  of  experiment.  Since  the  results  are 
represented  using  equivalent  strain  a  comparison  between  the  fatigue  curves  corresponding  to 
different  loading  can  be  made.  It  can  be  seen  that  the  fatigue  life  of  specimens  tested  in  pure 
torsion  is  higher  than  the  life  of  tension-compression  specimens.  The  curves  tend  to  merge 
together  in  the  high  cycle  fatigue  region. 
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The  photographs  of  the  fatigue  cracks  in  selected  axial  tension-compression  specimens  are 
shown  in  Fig.  58  together  with  the  pictures  of  the  fracture  surfaces  in  the  cases  when  the 
specimen  failed  by  complete  separation  due  to  fatigue  loading.  The  average  angle  of  cracking 
plane  orientation  with  respect  to  the  vertical  axis  of  the  specimen  was  measured  to  be  241 .  All  of 
the  specimens  tested  in  fully  reversed  pure  torsion  failed  by  the  cracks  oriented  at  zero  degrees 
with  respect  to  the  vertical  axis  thus  demonstrating  the  shear  cracking  behavior  (cracks  are 
oriented  along  the  planes  of  maximum  shear). 


2  mm 


a)  Ae/2  =  0.3% 
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d)  Ae/2  =  0.7% 


e)  Ae/2  =  1.0% 

Fig. 58  Photographs  of  fatigue  cracks  in  tension-compression  specimens:  4340VM  steel 


4.2  CRACK  GROWTH  EXPERIMENTS 

Fatigue  crack  growth  experiments  on  4340  VM  were  performed  using  round  compact 
tension  (CT)  specimens  with  a  single  notch  under  sinusoidal  load-controlled  loading  in 
laboratory  environment.  All  of  the  experiments  were  conducted  at  room  temperature.  Mode  1 
crack  growth  was  investigated.  All  the  specimens  have  a  thickness  of  3.8mm.  The  U-shape 
notches  were  made  using  the  Electric  Discharge  Machine  (EDM)  in  order  to  avoid  residual 
stresses  resulting  from  a  traditional  saw  cutting.  No  heat  treatment  was  done  on  the  specimens 
prior  to  testing.  The  specimens  is  shown  in  Fig.  59.  Crack  extension  from  notch  root  was 
measured  using  an  optical  reading  microscope  with  a  magnification  of  40.  To  facilitate 
convenient  crack  extension  measurement,  one  side  of  each  specimen  was  polished  before 
installation  on  the  test  machine.  The  loading  conditions  include  constant  amplitude  loading  with 
different  R- ratios,  constant  amplitude  loading  with  a  single  tensile  overload  and  high-low 
sequence  loading.  The  results  of  the  crack  growth  tests  are  represented  in  a  standard  way  as  a 
crack  growth  rate  (da/dN)  versus  the  stress  intensity  factor  range  ( AK )  for  a  given  loading 
condition. 
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Fig. 59  Round  compact  tension  specimen  used  for  crack  growth  experiment  of  4340VM 
4.2.1  Constant  amplitude  experiments 

The  constant  amplitude  crack  propagation  experiments  were  conducted  with  four  different 
positive  /^-ratios.  The  primary  goal  was  to  investigate  the  mean  stress  effect  on  crack  growth 
behavior  in  stable  growth  regime.  The  details  of  the  experiments  are  summarized  in  Table  23. 


Table  23  Constant  amplitude  crack  growth  experiments  for  4340VM  steel 


Spec.  ID 

t,  mm 

p,  mm 

R-ratio 

P max, 

kN 

/.  Hz 

an  mm 

a  mm 

N t  .cycle 

VM-C15 

3.79 

0.120 

0.1 

3.0 

10-2 

4.605 

11.630 

1,509,186 

VM-C21 

380 

0.146 

0.1 

4.0 

10 

2.314 

^7.3005 

802,159 

VM-C08 

3.81 

0.119 

0.1 

4.0 

10-2 

4.516 

12.057 

285,167 

VM-C09 

3.80 

0.127 

0.2 

5.0 

10-2 

4.320 

11.453 

121,633 

VM-C10 

3.81 

0.141 

0.2 

4.5 

10-2 

4.538 

10.112 

149,220 

VM-C06 

3.78 

0.127 

0.5 

5.2 

10-2 

4.713 

12.869 

305,376 

VM-C12 

3.76 

0.141 

0.5 

7.2 

10-2 

4.539 

11.068 

107,500 

VM-C07 

3.79 

0.142 

0.75 

7.6 

15-5 

4.706 

13.219 

759,067 

r  -ratio  =  minimum  load  over  the  maximum  load  in  a  loading  cycle 

Pmm  =  maximum  load  in  a  loading  cycle  /  =  loading  frequency 

an  =  distance  between  the  notch  root  and  the  line  of  action  of  the  externally  applied  load 

n r  -  total  cycles  ar  =final  crack  length 

In  addition  to  the  constant  amplitude  experiments,  one  specimen  was  tested  under  decreasing 
loading  conditions  to  determine  the  threshold  values  corresponding  to  different  /^-ratios.  Four 
steps  of  loading,  each  corresponding  to  one  value  of  /?-ratio,  were  performed  on  the  specimen 
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which  enabled  to  generate  the  threshold  stress  intensity  factor  data  for  four  /^-ratios.  The  results 
of  AKlh  are  shown  in  Fig.  60  as  a  function  of  the  R- ratio. 


Fig. 60  Threshold  stress  intensity  factor  as  a  function  of  R-ratio;  4340VM  Aerospace  Steel 


10 

1/2 

AK,  Stress  Intensity  Factor  Range,  MPa  m 


Fig. 61  R-ratio  effect  in  4340  aerospace  steel 

The  results  of  the  crack  growth  experiments  under  constant  amplitude  loading  are  shown  in 
Fig.  61.  The  vertical  axis  represents  the  crack  growth  rate  (in  millimeter  per  cycle)  and  the 
horizontal  axis  represents  the  stress  intensity  factor  range.  It  can  be  seen  that  the  material 


-71  - 


displays  a  /J-ratio  effect.  This  effect  is  more  pronounced  in  the  low  A K  region;  With  increasing 
stress  intensity  factor  range,  the  curves  corresponding  to  different  R- ratio  come  close  to  each 
other.  The  near  threshold  crack  growth  data  collected  from  the  experiments  with  gradually 
decreasing  loading  is  also  placed  in  Fig.  61.  In  order  to  include  the  near  threshold  growth,  a 
modified  Paris  law  similar  to  that  in  [41]  was  used  with  the  following  form. 


da  _  (  ,  A K  -  AK a 
dN  [AK^-AK 


(6) 


where  AA'max  is  the  maximum  value  of  stress  intensity  factor  range,  a  is  dimensionless  fitting 
constant  and  C  is  a  constant  with  a  units  of  the  crack  growth  rate.  For  4340VM,  a  =1.72  and 
C  =  4.4  x  10  4  mm/cycle.  The  corresponding  fitting  curves  are  shown  as  lines  in  Fig.6 1  and  the 
experimental  data  is  represented  by  markers. 


4.2.2.  Variable  loading  amplitude  experiments 

Two  types  of  fatigue  crack  growth  experiments  were  used  for  4340VM  steel:  experiments 
with  single  tensile  overload  and  high-low  loading  sequence  experiments.  Two  specimens  were 
tested  under  constant  amplitude  loading  with  a  single  spike  of  tensile  overload  in  the  middle  of 
experiment,  as  schematically  shown  in  Fig.  12.  The  constant  amplitude  loading  part  for  both  of 
the  specimens  were  kept  the  same  with  R  =  0.1,  AP/2  =  1.8 kN  and  the  overloads  were  applied  in 
both  cases  at  approximately  the  same  length  of  crack.  The  details  of  overload  experiments  are 
shown  in  Table  24. 


Table  24  Single  overload  experiments 


Spec.  ID 

p ,  mm 

f ,  Hz 

a„  mm 

mm 

^mm 

Pol,  kN 

Nf  (cycle) 

VM-C1 1 

0.125 

10-2 

4.608 

7.600 

11.012 

7.0 

403,398 

VM-C13 

0.120 

10-2 

4  603 

7.572 

11.146 

8.0 

423,640 

Pol  =  magnitude  of  the  overload  or  underload 

a()l  =  crack  length  at  overload,  as  measured  from  the  notch  root 


The  results  of  overload  experiments  are  shown  in  Fig.  62.  The  thick  dotted  line  in  each  plot 
represents  the  stable  crack  growth  rate  in  order  to  facilitate  the  observation  of  overload  effect. 
From  Fig.62,  it  can  be  seen  that  application  of  a  tensile  overload  causes  retardation  of  crack 
growth.  The  level  of  such  retardation  clearly  depends  on  the  magnitude  of  overload.  It  should 
be  noticed  that  the  short  period  of  significant  acceleration  of  crack  growth  can  be  observed 
immediately  after  application  of  overload.  In  fact,  the  magnitude  of  such  acceleration  can  be 
greater  than  the  magnitude  of  post-overload  deceleration  of  crack  growth.  The  maximum  crack 
growth  rate  in  the  accelerated  portion  of  post-overload  growth  curve  can  be  five  times  greater 
than  the  rate  of  stable  crack  propagation.  This  is  a  noticeable  phenomenon  which  distinguishes 
this  material  from  other  alloys  discussed  in  present  work.  Short  period  of  post-overload  crack 
growth  acceleration  has  been  previously  observed  for  other  metallic  materials  [20,  51],  however 
the  magnitude  of  such  acceleration  was  much  lower.  After  initial  acceleration,  the  crack  growth 
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slows  down  reaching  a  minimum  point.  With  further  application  of  loading  cycles  the  crack 
growth  rate  reaches  a  stable  growth  curve. 


1/2 

AK,  Stress  Intensity  Factor  Range,  MPa  m 


1/2 

AK,  Stress  Intensity  Factor  Range,  MPa  m 


Fig. 62  Single  tensile  overload  experiments 


Table  25  Hig 

h-Low  sequence  load 

ing  experiments  conducted  for  4340  VM  steel 

Spec.  ID 

P 

mm 

/ 

Hz 

P 

H  max 

,  kN 

P 

1  L  max  » 

kN 

*L 

an 

mm 

°H 

mm 

af 

mm 

cycle 

Nf 

cycle 

VM-C47 

0.100 

5-2 

6.0 

4  20 

0  10 

0.14 

6.332 

8.713 

12  948 

11,015 

62,001 

VM-C48 

0.115 

10-2 

5.0 

5  00 

0.10 

0.40 

6.259 

9.289 

13.228 

31,666 

56,396 

VM-C49 

0.115 

5-2 

5.0 

3.33 

0  10 

0.10 

6  535 

9.553 

13.819 

26,551 

134,383 

RH=  R  -ratio  of  the  first  step  R,  =  R  -ratio  of  the  lower  loading  amplitude  step 

PHmax  =  maximum  load  in  first  loading  step  PLtm  —  maximum  load  in  second  loading  step 
Nh  =  number  of  cycles  in  the  higher  amplitude  step 

aH  =  crack  length  at  the  termination  of  the  high  amplitude  test,  as  measured  from  the  notch  root 

T  hree  specimens  were  tested  under  the  High-Low  loading  sequence  conditions  with  constant 
amplitude  loading  within  both  “High”  and  “Low”  parts  of  the  experiment.  Details  of  the  two- 
step  high-low  sequence  loading  experiments  are  summarized  in  Table  25.  The  ratio  of  loading 
amplitude  in  the  “High”  step  over  the  amplitude  in  the  “Low”  step  was  kept  the  same  for  all 
three  experiments  (APh/AP,  =1.5).  Similarly  to  experiments  on  other  materials  described  in 
present  work,  the  following  loading  conditions  were  chosen.  The  maximum  load  was  the  same 
for  the  two  loading  steps  in  one  specimen  (Fig.63(a)).  In  the  second  specimen,  the  minimum 
load  was  identical  in  the  two  loading  steps  (Fig.63(b)).  The  third  specimen  experienced  two-step 
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loading  with  identical  /?-ratio  in  the  two  loading  steps  (Fig.63(c)).  The  results  shown  in  Fig.63 
reveal  that  the  influence  of  the  high-low  sequence  loading  depends  on  the  details  in  the  lower 
amplitude  loading  step.  When  the  maximum  load  was  kept  the  same  in  the  two  loading  steps, 
the  higher  loading  step  had  a  little  influence  on  the  crack  growth  of  the  second  loading  step  with 
a  lower  load  amplitude  (Fig.63(a)).  However,  a  significant  crack  growth  retardation  was 
observed  on  the  other  two  specimens,  resembling  the  overload  effect  shown  in  Fig.62.  Such  a 
behavior  appears  to  be  similar  to  other  steels  investigated  in  present  work.  It  should  be 
mentioned  that  due  to  the  fan-shaped  behavior  of  crack  growth  curves  (Fig.61)  the  stable  growth 
lines  corresponding  to  high  and  low  steps  in  Fig.63(c)  are  not  parallel. 
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da/dN,  Crack  Growth  Rate,  mm/cycle  da/dN,  Crack  Growth  Rate,  mm/cycle 
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Fig. 63  High-Low  sequence  loading  (4340  VM) 
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II.  MODELING 


1  CRITICAL  PLANE  MULTIAXIAL  CRITERIA 

A  number  of  multiaxial  fatigue  criteria  have  been  developed  in  the  past  40  years.  A  major 
development  in  fatigue  life  prediction  is  the  confirmation  of  the  critical  plane  approaches.  A 
critical  plane  approach  relates  fatigue  damage  to  the  stress  and  strain  on  a  material  plane  on 
which  cracks  nucleate  and  grow'.  The  critical  plane  is  defined  as  the  material  plane  which 
experiences  the  maximum  fatigue  damage.  Fatigue  failure  and  cracking  behavior  can  be 
predicted  simultaneously  in  the  critical  plane  approaches. 

1.1  SWT  CRITERION 

Smith,  Watson,  and  Topper  [52]  developed  a  fatigue  criterion  (SWT  criterion)  to  consider  the 
mean  stress  effect  for  uniaxial  loading  by  using  the  cyclic  strain  amplitude  and  the  maximum 
stress.  The  SWT  fatigue  parameter  (FP)  is  expressed  as, 

rr  -  y  (?) 

where  crnmax  is  the  maximum  normal  stress  and  As  is  the  normal  strain  range  on  the  critical  plane. 

The  critical  plane  is  defined  as  a  material  plane  with  maximum  normal  strain  amplitude.  The 
model  was  originally  developed  to  describe  fatigue  of  materials  that  exhibit  tensile  cracking 
behavior. 

1.2  MODIFIED  SWT  CRITERION 

Jiang  and  Sehitoglu  [53]  extended  the  SWT  parameter  to  consider  the  general  stress  state  and 
cracking  behavior.  With  a  slightly  different  form,  the  modified  SWT  criterion  can  be  expressed 

by, 

FP  =  2bAs(amax )  +  AtA  y  (8) 

where  <J  and  T  are  the  normal  stress  and  shear  stress,  respectively,  on  a  material  plane.  £ 
and  y  are  the  normal  strain  and  shear  strain  corresponding  to  the  normal  stress,  a ,  and  shear 
stress,  r  ,  respectively.  The  symbol  A  denotes  range  in  a  loading  cycle  and  the  subscript  “max” 
represents  maximum  in  a  loading  cycle.  The  symbol  (  )  in  Eq.  (8)  represents  the  MacCauley 

bracket  (i.e.,  (x)  =  0.5(x  +  |x|)).  The  use  of  the  MacCauley  bracket  is  to  ensure  that  no  negative 

fatigue  damage  can  be  produced.  The  symbol  b  in  Eq.  (8)  is  a  material  constant  and  it  ranges 
from  0  to  1.0.  Chu  et  al.  [54]  and  Chu  [55]  developed  a  fatigue  criterion  mathematically 
identical  to  that  of  Eq.(8).  A  similar  parameter  was  discussed  by  Glinka  et  al.  [56]. 
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1.3  FATEMI  AND  SOCIE  CRITERION 


A  shear  based  parameter,  developed  by  Fatemi  and  Socie  [57]  and  Fatemi  and  Kurath  [58] 
(FSK  parameter)  has  the  following  mathematical  form 


1  +  k 


(9) 


where  Ay/2  is  the  shear  strain  amplitude  and  cr„max  is  the  maximum  normal  stress.  Both 
quantities  are  on  the  critical  plane.  crv  is  the  yield  stress  of  the  material  and  k  is  the  material 

constant.  The  critical  plane  is  the  plane  of  maximum  shear  strain.  The  fatigue  constant  k  is 
determined  from  the  experimental  data  based  on  tension-compression  and  pure  torsion 
experiments.  By  selecting  different  values  of  k  the  uniaxial  and  torsional  fatigue  data  come 
together  and  can  be  fitted  with  three-parameter  equation.  Using  the  baseline  fit  of  fatigue 
parameter,  the  fatigue  life  can  be  determined  for  any  multiaxial  state  with  help  of  coordinate 
transformation. 


1.4  JIANG’S  MODEL 


A  multiaxial  fatigue  criterion  recently  developed  by  Jiang  [59]  is  an  energy  based  approach 
that  can  be  expressed  in  the  following  incremental  form 


dD  =  \ 


-1 


1  + 


dY. 


dY  =  bode  p  +  *  —  vdyp . 

2 


(10) 


In  the  above  equations  D  represents  the  fatigue  damage  and  Y  stands  for  plastic  strain 
energy  on  a  material  plane.  Quantities  <r  and  r  are  normal  and  shear  stresses  on  a  material 
plane;  sp  and  ye  are  plastic  strains  corresponding  to  stresses  a  and  r .  The  symbols  b  and  m 
are  material  constants.  Constants  a0  and  a f  are  correspondingly  endurance  limit  and  true 
fracture  stress  of  the  material  and  amr  is  a  memory  stress.  The  use  of  MacCauley  bracket 
ensures  that  when  <ymr  <  <r0  the  fatigue  damage  is  zero.  This  induced  by  the  fact  that  when  the 
stress  is  lower  than  endurance  limit  there  is  no  formation  of  persistent  slip  bands  and  therefore 
the  fatigue  damage  is  minimal.  The  critical  plane  is  defined  as  the  material  plane  where  the 
fatigue  damage  accumulation  first  reaches  a  critical  value  D0 . 

In  general,  the  cracking  behavior  of  a  material  can  be  categorized  in  the  following  manner.  If 
the  cracking  planes  are  consistent  with  the  material  planes  of  maximum  shear,  the  behavior  is 
termed  as  the  shear  cracking  (Fig. 64(a)).  If  a  material  displays  tensile  cracking  the  cracks  are 
oriented  along  the  plane  of  maximum  normal  stress  (Fig.64(b)).  Additionally,  some  materials 
display  a  mixed  cracking  mode,  where  the  cracks  initiate  on  the  maximum  normal  stress  planes 
under  tension-compression  but  on  the  maximum  shear  planes  in  pure  torsion  (Fig.64(c)). 
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Mixed  Crack  Growth 


Fig.64  Fatigue  cracking  behavior,  a)  shear  cracking;  b)  tensile  cracking;  c)  mixed 

cracking 


Fig. 65  Dependence  of  critical  plane  orientation  on  parameter/) 

The  Jiang's  fatigue  criterion  is  capable  of  predicting  different  cracking  modes  under  different 
stress  states.  This  is  achieved  with  the  help  of  constant  b  in  Eq.  (10).  Figure  65  shows  the 
orientation  of  the  critical  plane  under  the  two  typical  loading  conditions  and  the  dependence  of 
the  critical  plane  on  the  material  constant  h  [59].  When  0.37  >  b  >  0,  the  criterion  predicts  shear 
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cracking  behavior.  When/)  >0.5,  tensile  cracking  behavior  is  predicted.  Mixed  cracking 
behavior  can  be  accounted  for  with  a  b  value  between  0.37  and  0.5. 


2  APPICATION  OF  CRITICAL  PLANE  MULTIAXIAL  FATIGUE  CRITERIA 
2.1  7075-T651  ALUMINUM  ALLOY 

Figure  66  shows  the  SWT  parameter  versus  the  fatigue  life  for  the  uniaxial  specimens 
experimentally  tested  in  the  current  investigation.  The  solid  line  in  Fig. 66  was  obtained  by 
fitting  the  fully  reversed  uniaxial  fatigue  data  using  the  three-parameter  equation  mathematically 
identical  to  Eq.  (1).  The  dotted  lines  are  the  factor-of-five  boundaries.  It  is  clear  that  the 
parameter  correlates  the  experiments  well  for  most  of  the  uniaxial  loading  cases.  Exceptions  are 
the  those  under  the  loading  conditions  with  large  compressive  mean  stresses.  Several  specimens 
were  tested  with  a  positive  maximum  stress  being  close  to  zero.  As  a  result,  the  SWT  fatigue 
parameter  was  very  small  according  to  Eq.  (7).  These  are  the  data  points  shown  in  Fig.66  that 
deviate  significantly  from  the  general  tendency  line.  As  has  been  well  recognized,  the  SWT 
parameter  assumes  zero  fatigue  damage  when  the  maximum  stress  is  negative.  The  parameter 
fails  to  predict  the  fatigue  failure  under  compression-compression  that  was  experimentally 
observed.  Since  the  logarithmic  scale  used,  the  specimens  under  compression-compression 
loading  are  not  shown  in  Fig.66. 


Nf,  Number  of  Cycles  to  Failure 

Fig.66  SWT  parameter  versus  fatigue  life  under  uniaxial  loading 

Once  the  relationship  between  the  FP  and  the  fatigue  life  is  established  based  on  the  fully 
reversed  uniaxial  loading,  fatigue  life  can  be  predicted  for  any  given  loading  condition  when  the 
stress  and  strain  histories  are  known.  Fig.67  shows  the  comparison  of  the  predicted  fatigue  life 
and  the  observed  life  for  all  the  tubular  specimens  tested  in  the  current  investigation.  The  stress 
and  strain  responses  were  obtained  experimentally.  Through  a  rotation  of  the  coordinates 
system,  the  FP  for  any  given  material  plane  can  be  determined  using  the  SWT  parameter,  Eq. 
(7).  The  maximum  FP  can  be  determined  and  the  fatigue  life  can  be  obtained  using  the 
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relationship  between  FP  and  the  fatigue  life  (Fig.66).  At  the  same  time,  the  orientation  of  the 
critical  plane  was  determined. 


Fig. 67  SWT  parameter  correlation  with  experiments  under  combined  axial-torsion 

loading 

The  solid  diagonal  line  in  Fig.67  denotes  a  perfect  prediction.  The  two  dotted  lines  arc  the 
factor-of-five  boundaries.  A  glance  at  Fig.67  reveals  that  the  SWT  parameter  can  correlate  well 
the  fatigue  experiments  under  combined  axial-torsion  loading  in  terms  of  fatigue  life.  Among  a 
total  of  38  tubular  specimens,  the  predicted  fatigue  lives  of  30  specimens  (79%)  are  within  the 
factor-of-five  lines,  indicating  a  reasonable  fatigue  life  prediction. 

A  critical  plane  approach  is  based  upon  the  notion  that  a  fatigue  crack  is  initiated  on  a  certain 
material  plane  where  the  fatigue  damage  is  the  maximum.  Therefore,  a  critical  plane  approach 
can  predict  both  the  fatigue  life  and  the  critical  planes  where  cracks  are  predicted  to  initiate.  For 
an  axial-torsion  tubular  specimen  or  a  uniaxial  tension-compression  specimen,  the  material  plane 
can  be  represented  by  its  normal  direction  using  one  angle,  0 ,  measured  counter-clockwise  from 
the  axial  direction  (refer  to  the  upper-right  insert  in  Fig. 68).  For  a  given  loading  condition,  it  is 
often  found  that  several  material  planes  or  a  range  of  material  planes  may  experience  identical  or 
very  similar  fatigue  damage  according  to  a  given  fatigue  criterion.  Due  to  the  inherent  data 
scatter  in  fatigue  experiments,  it  would  be  preferable  to  identify  the  material  planes  with  similar 
fatigue  damage  by  using  a  given  fatigue  criterion.  In  the  current  investigation,  a  range  of  10% 
from  the  maximum  fatigue  damage  is  used  for  the  discussion  of  possible  cracking  material 
planes  predicted  by  a  fatigue  criterion.  As  shown  in  Fig. 68,  the  distribution  of  the  fatigue 
damage  per  loading  cycle  over  the  material  plane  orientation  can  be  determined  according  to  a 
criterion  for  a  given  loading  condition.  The  fatigue  damage  per  loading  cycle  is  the  reciprocal  of 
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the  predicted  fatigue  life  under  constant  amplitude  loading.  The  fatigue  damage  shown  in  Fig.68 
is  normalized  so  that  the  maximum  fatigue  damage  with  respect  to  all  the  possible  material 
planes  is  unit.  Theoretically,  the  maximum  peak  points  are  predicted  to  be  the  critical  planes  and 
cracks  are  predicted  to  form  on  these  particular  material  planes.  By  considering  a  range  of  10% 
from  the  maximum  fatigue  damage,  a  range  of  the  cracking  directions  can  be  obtained.  It  should 
be  noted  that  a  10%  range  was  arbitrarily  selected  without  a  physical  consideration. 


Fig.68  Dependence  of  fatigue  damage  on  material  plane  orientation 
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Fig. 69  Comparison  of  the  experimentally  observed  cracking  directions  with  the 

predictions  by  the  SWT  criterion 
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Figure  69  summarizes  the  comparison  of  the  observed  cracking  directions  and  the  predictions 
obtained  from  using  the  SWT  fatigue  criterion.  The  solid  dots  represent  the  observed  crack 
orientations.  The  size  of  the  dots  signifies  the  general  scatter  existed  in  the  experimental 
measurement  of  the  cracking  angle.  The  range  bars  in  the  figure  are  the  predicted  ranges  of  the 
cracking  directions.  Observations  on  the  experimental  cracking  behavior  were  made  in  the 
millimeter  scale  of  the  crack  length.  As  will  be  discussed  in  a  later  section,  such  a  treatment  is 
consistent  with  the  macroscopic  continuum  assumption  adopted  in  the  current  investigation  for 
the  stress  and  strain. 

The  results  in  Fig.69  show  that  among  the  38  tubular  specimens  tested  under  axial-torsion 
loading,  the  SWT  model  can  only  predict  correctly  the  cracking  behavior  for  13  specimens 
(34%).  Such  a  poor  predictability  of  the  SWT  criterion  for  cracking  behavior  is  not  surprising 
because  the  criterion  predicts  tensile  cracking  behavior  while  the  material  under  investigation 
displays  “diverse”  cracking  behavior.  For  the  material  subjected  to  uniaxial  loading,  the  SWT 
criterion  predicts  a  cracking  plane  that  is  perpendicular  to  the  loading  axis  in  the  uniaxial 
specimen.  For  a  specimen  under  cyclic  torsion,  the  parameter  predicts  a  crack  plane  with  its 
normal  making  ±45°  angle  from  the  loading  specimen  axis.  7075-T651  alloy  displays  different 
cracking  behavior  dependent  on  the  loading  magnitude  or  fatigue  life.  The  SWT  criterion  can 
predict  cracking  direction  correctly  for  both  uniaxial  and  pure  shear  when  the  fatigue  lives  are 
longer  than  approximately  3xl(f  cycles. 

The  material  constant  b  in  the  fatigue  criterion,  Eq.  (8),  is  determined  by  comparing  the 
fatigue  results  under  fully  uniaxial  loading  and  those  under  fully  reversed  pure  torsion  fatigue  of 
tubular  specimens.  Theoretically  speaking,  the  FPmax  -  N f  (the  number  of  loading  cycles  to 

failure)  curves  should  coincide  for  a  right  choice  of  the  material  constant  b .  In  addition,  the 
selection  of  b  should  reflect  the  observed  cracking  behavior  from  the  uniaxial  loading  and 
torsion  loading. 

Clearly,  7075-T651  displays  cracking  behavior  that  is  dependent  on  the  loading  magnitude. 
Since  the  material  constant  b  in  the  criterion  describes  the  cracking  behavior,  a  convenient  and 
practical  way  is  to  relate  the  material  constant  b  to  the  equivalent  stress  magnitude  using  a  linear 
relationship, 


(11) 


where  a,  and  a2  are  two  constants  that  can  be  determined  by  the  observed  cracking  behavior. 
The  use  of  the  MacCauley  bracket  is  to  ensure  a  non-negative  b  value.  In  addition,  b  should  not 
be  larger  than  unity. 

a  in  Eq.(ll)  is  the  equivalent  stress  magnitude  following  the  definition  by  Jiang  and 
Kurath  [60].  The  mathematic  expression  for  the  equivalent  stress  magnitude  is. 


(12) 


where  Su  denotes  the  components  of  the  deviatoric  stress  tensor  and  S°  represents  a  point  in  the 
deviatoric  stress  space.  The  maximum  inside  the  braces  is  taken  with  respect  to  the  time  within  a 
loading  cycle.  The  minimum  is  taken  in  terms  of  any  possible  point  S°  in  the  deviatoric  stress 
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space.  Under  tension-compression,  the  equivalent  stress  magnitude  is  equal  to  the  stress 
amplitude.  For  pure  shear  loading,  the  equivalent  stress  magnitude  is  equal  to  the  shear  stress 

amplitude  multiplied  by  V3  . 

Two  points  can  be  approximately  identified  from  the  cracking  behavior  observed  on  the 
material  under  fully  reversed  tension-compression  and  pure  torsion.  When  the  fatigue  life  is 
2,000  cycles  under  fully  reversed  tension-compression  loading,  the  material  transits  from  shear 
cracking  to  mixed  cracking  (Fig.5).  The  corresponding  equivalent  stress  is  393  MPa.  At  this 
point,  b  should  be  equal  to  0.37  [53].  From  the  pure  torsion  experiments,  it  can  be  identified 
that  the  material  switches  from  mixed  cracking  to  shear  cracking  when  the  fatigue  life  is  in  the 
region  of  3x10*  cycles  (Fig.9).  Since  the  corresponding  equivalent  stress  magnitude  is  290 
MPa,  it  can  be  identified  that  6=0.5  when  <r  =290  MPa.  With  these  two  particular  points  for 

Eq.(l  1),  a,  =0.862  and  a2  =0.00 125  were  obtained  for  7075-T651  aluminum  alloy.  Eq.(l  1)  with 
the  consideration  of  the  dependence  of  the  cracking  behavior  on  the  loading  magnitude  warrants 
that  the  modified  SWT  criterion  will  predict  cracking  behavior  correctly  for  most  of  the  fully 
reversed  uniaxial  and  shear  specimens. 


Nf>  Number  of  Cycles  to  Failure 

Fig. 70  FPttua  versus  N .  for  uniaxial  and  torsion  loading 

Figure  70  shows  the  FPmn  -  N t  relationship  for  uniaxial  loading  and  pure  torsion.  FPmn  is  the 
maximum  FP  value  of  Eq.(8)  with  respect  to  any  possible  orientations  of  the  material  plane. 
Again,  a  three-parameter  relationship  between  FPmm  and  N f  mathematically  identical  to  Eq.(l)  is 

used  to  best  fit  the  results  experimentally  obtained  under  fully  reversed  tension-compression.  As 
shown  in  Fig.70,  this  relationship  serves  as  the  baseline  for  comparison.  The  dotted  lines  are 
factor-of-five  boundaries  away  from  the  baseline.  Clearly,  most  of  the  experimental  data  points 
are  within  the  factor-of-five  boundaries.  It  should  be  noted  that  all  the  uniaxial  experiments 
including  those  with  high  compressive  mean  stresses  and  compression-compression  loading 
conditions  have  been  included  in  Fig.70. 


-83- 


Observed  Life 

Fig. 71  Experimental  observations  versus  predicted  life  obtained  by  using  the  criterion 

Eq.(8) 

Once  the  material  constant  b  is  selected,  the  critical  plane  and  FPmax  for  each  specimen 

conducted  can  be  determined.  Figure  71  shows  the  comparison  of  the  predicted  fatigue  lives  and 
the  experimentally  observed  fatigue  lives  of  the  tubular  specimens  subjected  to  axial-torsion 
loading.  The  stress  and  strain  were  obtained  experimentally  for  each  specimen.  The  solid  line  in 
Fig.71  signifies  a  perfect  prediction  and  the  two  dotted  lines  are  the  factor-of-five  boundaries. 
Among  the  42  tubular  specimens  tested  with  different  axial-torsion  loading  paths,  only  one 
specimen  is  out  of  the  factor-of-five  lines. 

Figure  72  summarizes  the  comparison  of  the  observed  cracking  behavior  and  the  predicted 
cracking  orientations  by  the  modified  SWT  fatigue  criterion.  The  solid  dark  dots  represent  the 
observed  crack  orientations  in  the  figure.  The  range  bars  in  the  figure  are  the  predicted  ranges  of 
the  cracking  directions.  Again,  observations  on  the  experimental  cracking  behavior  were  made 
in  the  millimeter  scale  of  the  crack  length.  The  results  shown  in  Fig.72  reveal  that  the  modified 
SWT  criterion  provides  cracking  direction  predictions  more  satisfactorily  than  does  the  SWT 
criterion.  Most  of  the  cracking  directions  are  predicted  correctly.  Among  42  tubular  specimens 
presented  in  Fig.72,  the  cracking  directions  of  35  specimens  (83.3%)  were  predicted  correctly. 
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Fig. 72  Comparison  of  the  experimentally  observed  cracking  directions  with  the 
predictions  made  by  using  the  modified  SWT  criterion 


It  is  noted  that  multiple  critical  planes  can  be  predicted  when  using  a  critical  plane  approach. 
Figure  73  shows  the  predicted  FP  versus  the  material  plane  orientation  for  specimen  Tu08.  The 
specimen  was  subjected  to  nonproportional  loading  with  a  loading  path  shown  in  Fig.4(e).  The 
experiment  was  conducted  under  the  stress-controlled  loading  condition.  The  axial  stress 
amplitude  was  147.5  MPa  and  the  shear  stress  amplitude  was  86.9  MPa.  The  observed  fatigue 
life  of  this  specimen  was  225,000  cycles.  Two  peak  FP  values  can  be  identified  at  “A”  and 
“B,”  respectively,  in  Fig.73.  As  a  result,  two  critical  planes  are  predicted.  As  shown  on  the  right 
side  picture  in  Fig.73,  the  observed  cracking  orientation  is  consistent  with  the  critical  plane 
indicated  by  point  “A.” 


Fig.73  Predicted  FT  as  a  function  of  the  material  plane  orientation  (Specimen  Tu08) 
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It  is  possible  that  a  great  range  of  material  planes  can  experience  similar  fatigue  damage. 
Specimens  Tu24  and  Tu36  are  two  special  cases  where  any  material  planes  with  their  normal 
perpendicular  to  the  radial  direction  of  the  tubular  specimen  are  predicted  to  experience  very 
similar  fatigue  damage.  As  a  result,  the  predicted  crack  can  be  on  any  of  these  material  planes. 
This  is  because  for  these  two  pure  torsion  specimens  the  stress  amplitudes  are  at  the  level  which 
results  in  the  material  constant  b  being  approximately  0.5.  It  is  noted  that  the  fatigue  damage  is 
independent  of  the  angle  0  when  b=  0.5. 

2.2  AL6-XN  STAINLESSS  STEEL 

Figure  74  shows  the  correlation  between  fatigue  parameters  (SWT  and  FSK.  parameters)  and 
experimental  data  from  the  tension-compression  and  pure  torsion  experiments  on  AL6-XN  alloy. 
It  should  be  mentioned  that  fitting  the  fatigue  parameter  in  Fig.74  was  done  as  an  average 
between  the  tension-compression  data  and  pure  torsion  data.  As  was  indicated  before,  the  strain- 
life  curve  in  pure  torsion  for  this  material  is  divided  into  two  parts  (Fig.40);  one  being  close  to 
tension-compression  curve  and  one  in  which  fatigue  life  can  be  about  two  times  different  from 
the  fatigue  life  in  tension-compression  with  identical  strain  amplitude.  Therefore,  such  an 
average  fitting  was  done  in  order  to  give  a  relatively  close  fatigue  life  prediction  for  both  parts  of 
the  shear  S-N  curve. 


Nf,  Number  of  Cycles  to  Failure 


(a) 
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Fig. 74  Baseline  experimental  data  correlated  using:  (a)  SWT  model  and  (b)  FSK  model 


Fig. 75  Dependence  of  FSK  fatigue  parameter  on  the  orientation  of  material  plane  for  pure 

torsion  loading 

In  the  original  statement  of  the  Fatemi-Socie-Kurath  criterion  (Eq(9))  the  critical  plane  is  the 
plane  of  maximum  shear  strain.  In  the  present  investigation,  the  critical  plane  is  defined  as  a 
plane  of  maximum  fatigue  parameter  (FP).  The  difference  in  the  fatigue  life  predictions  based 
on  the  two  definitions  of  the  critical  planes  is  minimal  for  the  experiments  conducted  in  the 
current  investigation.  However,  by  defining  a  critical  plane  as  a  plane  of  maximum  damage  it  is 
possible  to  evaluate  the  range  of  cracking  orientations  based  on  maximum  FP,  as  will  be 
discussed  later  in  the  report.  Figure  75  demonstrates  the  variation  of  FSK  fatigue  parameter 
normalized  with  the  shear  strain  amplitude  as  a  function  of  an  angle  of  material  plane  orientation 
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for  pure  torsion  loading.  The  fatigue  parameter  is  plotted  for  different  values  of  the  material 
constant,  K .  A  yield  stress  of  380  MPa  was  used.  A'  =  0  corresponds  to  the  original  definition 
of  the  critical  plane  orientation.  As  the  value  of  K  is  increased,  the  predicted  orientations  of 
critical  plane  deviate  from  the  maximum  shear  planes. 

The  fatigue  constant,  K  ,  is  determined  using  the  experimental  data  obtained  from  the 
tension-compression  and  torsion  experiments.  By  selecting  a  value  of  K  ,  the  tension- 
compression  and  torsion  fatigue  data  come  together  and  can  be  fitted  with  the  three-parameter 
equation,  as  shown  in  Fig.74(b).  For  AL6-XN,  it  was  determined  that  K  - 1.7  with  the  yield 
stress  (T y  =380  MPa.  The  best  fit  with  three-parameter  equation  was  done  as  an  average  between 

the  tension-compression  and  pure  torsion  data  following  the  previously  described  reasons.  Using 
the  baseline  fit  of  the  fatigue  parameter,  the  fatigue  life  can  be  determined  for  any  multiaxial 
stress  state  with  the  help  of  the  stress  and  strain  transformations. 

The  material  constants  used  in  Jiang’s  model  for  fatigue  life  predictions  of  AL6-XN  stainless 
steel  are  represented  in  Table  26.  Constants  D0  and  m  are  determined  by  comparing  the  results 
of  tension  compression  tests  with  the  results  of  fully  reversed  pure  torsion  tests.  The  endurance 
limit  ct0  is  found  from  the  strain-life  curve  for  fully  reversed  tension-compression  tests.  The  true 
fracture  stress  a f  is  found  from  the  monotonic  torsion  experiment.  The  detailed  description  of 

the  procedure  of  the  material  constants  determination  can  be  found  in  the  corresponding  paper 
[59]. 


Table  26  Fatigue  material  constants  for  AL6-XN  steel 


m  of  (MPa) 

o0  (MPa) 

Dn  (MJ/m3) 

0.6  1,133 

300 

10,000 

According  to  the  classification  of  cracking  behavior  given  in  Fig.64,  the  material  under 
investigation  exhibits  mixed  cracking  under  high  stress  amplitudes  and  shows  tensile  cracking  in 
the  high  cycle  fatigue  regime.  Therefore,  the  constant  b  in  Jiang’s  model  must  be  a  function  of 
stress  amplitude.  The  stress  amplitude  corresponding  to  the  transition  between  the  two  cracking 
modes  is  estimated  from  the  experimental  data  to  be  360  MPa  and  the  value  of  b  corresponding 
to  this  point  must  be  equal  to  0.5.  The  following  function  of  the  cracking  orientation  parameter 
was  constructed  based  on  experimental  observations 

b(amr)  =  0.35  +  5.355e“°0102rT-  (13) 

where  <Jmr  equals  to  the  maximum  stress  in  the  loading  cycle. 

For  many  materials,  the  fatigue  damage  reaches  the  stable  value  after  a  few  loading  cycles 
and  the  choice  of  a  stable  stress-strain  response  is  rather  straightforward.  Due  to  the  cyclic 
softening  (Fig.37)  of  the  AL6-XN  material,  the  selection  of  the  stable  hysteresis  loop  is 
somewhat  ambiguous.  For  all  the  specimens  tested  the  fatigue  life  prediction  is  made  based  on 
the  hysteresis  loops  taken  at  80%  of  fatigue  life  of  the  specimen.  This  rule  was  impelled  by  the 
fact,  that  the  stress  amplitudes  corresponding  to  80%  of  fatigue  life  when  placed  on  the  cyclic 
stress-strain  curve  follow  the  curve  produced  by  the  incremental  step  tests  (Fig. 38). 
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Fig. 76  Fatigue  life  prediction  of  AL6-XN  steel  based  on:  (a)  SWT  model;  (b)  FSK  model; 

(c)  Jiang’s  model 

The  predictions  based  on  three  abovementioned  fatigue  models  are  shown  in  Fig.76.  The 
solid  lines  on  the  plots  in  Fig.76  represent  perfect  correlation  between  experimentally  observed 
and  predicted  fatigue  lives.  The  dashed  lines  show  the  boundaries  of  factor  of  two  difference 
between  observed  and  predicted  lives.  An  arrow  next  to  the  data  point  indicates  that  the 
specimen  did  not  fail  at  the  end  of  the  test.  It  can  be  seen  from  Fig.76  that  all  of  the  three  models 
predict  the  fatigue  life  of  the  AL6-XN  steel  reasonably  well  with  probably  the  best  prediction 
being  made  when  using  Fatemie-Socie-Kurath  (FSK)  fatigue  parameter  (Fig.76(b)). 

AL6-XN  alloy  is  a  material  in  which  cracking  behavior  is  a  function  of  applied  loading 
amplitude.  The  orientation  of  a  fatigue  eraek  is  defined  as  an  angle  formed  between  the  normal 
to  the  cracking  plane  and  the  vertical  axis  (the  centerline  of  the  specimen).  In  fully  reversed 
tension-compression  tests,  the  material  develops  0°  oriented  cracks  within  the  whole  range  of 
applied  strain  amplitudes.  The  same  is  true  for  non-proportional  90°  out-of-phase  loading.  The 
difference  in  cracking  orientation  as  a  function  of  stress  level  is  revealed  when  material  is  tested 
in  pure  torsion  (Section  3.2.4,  Fig.41).  The  strain-life  curve  under  pure  torsion  can  be  divided  in 
two  regions,  associating  with  different  cracking  modes  -  mixed  cracking  in  the  region  where 
equivalent  strain  amplitude  is  higher  than  0.6%  and  tensile  cracking  in  the  region  where 
A£^/2<0.6%.  In  other  words,  when  the  specimen  is  tested  under  pure  torsion,  the  critical 

planes  in  the  first  region  can  be  associated  with  the  planes  of  maximum  shear,  while  the  cracking 
occurs  along  the  planes  with  maximum  normal  stresses  in  the  second  region.  Therefore,  the  way 
the  critical  plane  is  defined  as  a  part  of  fatigue  model  is  especially  important  for  this  material. 
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Two  fatigue  models  considered  here  (SWT  and  FSK  models)  are  designed  to  target  a  single 
particular  cracking  mode.  The  SWT  model  postulates  that  the  critical  plane  is  a  plane  with  the 
maximum  normal  strain  amplitude.  Within  the  FSK  fatigue  model,  the  critical  plane  is  predicted 
as  a  plane  with  maximum  shear  strain.  Therefore  the  FSK  model  predicts  shear  crack  growth. 
When  these  models  are  used  to  predict  cracking  behavior  of  AL6-XN  material  tested  in  pure 
torsion,  they  can  accurately  describe  cracking  orientation  only  for  particular  part  of  the  strain-life 
curve.  Thus  SWT  parameter  can  describe  correctly  only  the  part  of  the  curve  where  tensile 
cracks  are  developed,  while  FSK  model  correctly  predicts  cracking  in  the  region  where  higher 
strain  amplitudes  are  applied  (the  critical  planes  are  oriented  either  at  0  degree  or  90  degree). 


Fig. 77  Prediction  of  cracking  orientation  using  Jiang’s  model:  (a)  pure  torsion 

Aceq!2  =  0.69% ;  (b)  pure  torsion  12  =  0.50% ;  (c)  90°  out-of-phase  Aeeq/2  =  0.32% 


In  Jiang’s  model,  the  critical  plane  is  defined  as  a  material  plane  with  the  maximum  fatigue 
damage.  The  accumulation  of  fatigue  damage  is  a  result  of  plastic  deformation,  i.e.  is  a  function 
of  plastic  strain  energy  which  consists  of  parts  representing  shear  and  normal  components  on  a 
material  plane  (Eq.(10)).  The  interplay  between  those  shear  and  normal  terms  is  described  by 
the  parameter  b  and  the  choice  of  this  parameter  serves  to  predict  the  cracking  orientation. 
Since  the  cracking  behavior  of  this  material  depends  on  the  loading  conditions,  the  parameter  b 
is  represented  as  a  function  of  a  stress  amplitude  (Eq.(13)).  With  such  a  formulation,  the  model 
predicts  the  orientation  of  fatigue  cracks  with  good  accuracy  which  can  be  seen  in  Fig.  77. 

The  dashed  lines  on  the  photographs  in  Fig.77  represent  the  cracking  planes  predicted  by 
Jiang’s  model.  Three  cases  are  depicted,  with  two  of  them  representing  pure  torsion  and  one 
representing  non-proportional  axial-torsion  loading.  The  pure  torsion  fatigue  cracks  represent 
two  regions  of  the  strain-life  curve:  one  showing  the  mixed  cracking  mode  (Fig.77  (a))  and  one 
showing  tensile  cracking  mode  (Fig.77  (b)).  It  should  be  noted,  that  under  non-proportional  load 
the  fatal  cracks  are  not  oriented  exactly  at  0  degrees  but  rather  tilted  slightly.  The  prediction 
based  on  Jiang’s  model  with  the  choice  of  parameter  b  represented  by  the  Eq.(10)  can  depict  this 
situation  (the  predicted  angle  is  6°). 

Figure  78  is  the  comparison  between  the  experimentally  observed  cracking  orientations  and 
the  angles  predicted  by  the  three  models.  The  markers  in  Fig. 78  represent  the  experimentally 
measured  orientation  of  the  fatigue  cracks.  The  vertical  lines  represent  the  range  of  10%  from 
the  maximum  damage  plane  prediction  by  the  fatigue  model.  The  dots  within  the  range  bars 
represent  the  points  corresponding  to  the  maximum  value  of  fatigue  damage.  The  choice  of  10% 
range  was  not  based  on  any  physical  considerations  and  was  introduced  to  consider  the  range  of 
material  planes  that  may  experience  similar  fatigue  damage  following  a  given  multiaxial  fatigue 
criterion.  It  should  be  noted  that  in  some  cases  the  fatigue  criterion  gives  two  ranges  with 
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maximum  values  of  the  fatigue  parameter  and  therefore,  two  possible  orientations  of  the  critical 
plane  are  predicted.  The  plots  are  divided  by  thick  dotted  lines  into  two  parts  corresponding  to 
the  90"  out-of-phase  axial-torsion  experiments  and  pure  torsion  experiments,  respectively. 
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Fig. 78  Comparison  between  observed  and  predicted  orientations  of  fatigue  cracks  based 
on:  a)  SWT  model;  b)  FSK  model  and  c)  Jiang  model 


-92- 


It  can  be  seen  that  when  90°  out-of-phase  axial-torsion  cracking  behavior  is  considered,  all  of 
the  models  under  consideration  predict  cracking  angles  close  to  zero  degrees,  which  is  in 
agreement  with  experimental  observations.  In  the  case  of  pure  torsion  experiments,  however,  the 
predicted  orientation  based  on  the  SWT  criterion  is  always  45°,  i.e.,  it  corresponds  to  the  tensile 
cracking.  At  the  same  time,  it  can  be  seen  from  Fig.  78  that  the  FSK  model  predicts  cracking 
orientation  close  to  zero  or  90  degree  for  the  torsion  cases,  which  corresponds  to  shear  cracking 
mode.  In  other  words,  the  SWT  and  FSK  models  can  make  a  close  prediction  of  cracking 
orientation  only  for  a  part  of  strain-life  curve  (Fig. 39).  Due  to  the  fact  that  the  cracking 
orientation  in  the  Jiang  criterion  is  modeled  through  the  parameter  b ,  which  in  turn  is  a  function 
of  equivalent  stress  (Eq.(13)),  the  cracking  behavior  of  the  material  in  pure  torsion  can  be 
predicted  with  considerably  good  accuracy  (Fig. 78). 


3  CRACK  GROWTH  MODELING 
3.1  CONSTANT  AMPLITUDE  LOADING 

A  number  of  equations  have  been  developed  to  describe  the  sigmoidal  dal dN  -  AK 
relationship  in  the  past  50  years.  Since  the  fatigue  crack  growth  rate  is  mainly  controlled  by  the 
stress  intensity  factor  range,  AK ,  and  the  maximum  stress  intensity  factor,  Kmax ,  Vasudevan, 

Sadananda  and  co-workers  [61-66]  developed  a  two-parameter  unified  approach  for  the  fatigue 
crack  growth  description.  Kujawski  [67,68]  proposed  a  two-parameter  model  combining  AK 
and  Kmax  to  form  the  crack  driving  force.  The  driving  force  does  not  invoke  disputable  and  non- 
repeatable  crack  closure  data.  Instead,  it  is  determined  using  the  positive  part  of  the  range  of  the 
applied  stress  intensity  factor,  AK+  ,  and  the  corresponding  maximum  value,  Kmax .  It  unifies  the 

overall  crack  rate  prediction  methodology  regarding  the  load  ratio  effects  for  both  the  long-  and 
short-crack  growth  behavior.  The  two-parameter  driving  force  parameter  yields  a  fairly  good 
correlation  with  the  experiments  with  regard  to  the  R  -ratio  effect  and  the  threshold  conditions 
for  a  number  of  engineering  materials.  Considering  that  the  compressive  external  load  has 
minimal  contribution  to  the  fatigue  crack  growth,  the  fatigue  driving  force,  k  ,  proposed  by 
Kujawski  [67,68]  can  be  expressed  as, 

K-  =  (Kmax)a(AK+)'-a  (14) 

where  Kmax  is  the  maximum  stress  intensity  factor  in  a  loading  cycle,  AK+  is  the  positive  part  of 

the  range  of  the  stress  intensity  factor,  and  a  is  a  material  constant.  For  a  positive  R  -ratio,  the 
fatigue  driving  force  proposed  by  Kujawski  [67,68]  is  mathematically  identical  to  the  effective 
stress  intensity  factor  proposed  by  Walker  [69].  For  a  number  of  engineering  materials,  Eq.  (14) 
can  model  the  R-ratio  effect  well  for  both  short-  and  large-crack  growth  [67].  For  aluminum 
alloys  tested  in  ambient  environment,  a  was  found  to  be  a  =  0.5  [68]. 

For  the  three  materials  in  the  current  study,  it  is  found  that  the  relationship  between 
dal  dN  and  k  follows  Paris  type  power  law  for  a  wide  range  of  k  in  Region  II, 

dal  dN  =  Ck"  '  (15) 


where  C  and  n  are  material  constants. 
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3.2  MODELING  OF  OVERLAODING  EFFECT 


Traditionally,  the  Wheeler’s  model  [70]  is  used  to  consider  the  overloading  effect  due  to  its 
simplicity.  The  Wheeler’s  model  can  be  expressed  as, 

da  /  dN  =  <pRC  (&K)n  (16) 

where  A K  is  the  stress  intensity  factor  range,  <pR  is  a  correction  factor  to  consider  the 
overloading  effect,  and  C  is  a  constant  dependent  on  stress  ratio.  It  is  clear  that  <f>R- 1  is  for 
constant  amplitude  loading.  Considering  that  the  two-parameter  fatigue  driving  force  (Eq.  (14)) 
correlates  the  crack  growth  rate  at  different  stress  ratios  very  well,  it  is  reasonable  to  adopt  the 
following  formula  to  consider  the  overloading  effect, 

dal  dN  =  <PrCk”  (17) 

where  at  is  the  two-parameter  fatigue  driving  force  defined  by  Eq.  (14)  and  C  is  a  material 
constant  independent  of  stress  ratio.  Compared  to  Eq.  (16),  the  advantage  of  using  Eq.  (17)  is 
apparent.  T  he  parameters  C  and  n  in  Eq.(17)  are  independent  of  the  stress  ratio.  Therefore, 
Eq.(17)  is  convenient  to  use.  It  is  also  promising  to  use  Eq.  (17)  to  deal  with  the  crack  growth 
rate  in  a  complex  loading  history,  as  long  as  the  correction  factor  ( <pR )  can  be  appropriately 
determined. 

In  the  traditional  Wheeler's  model  [70],  <f>R  is  defined  as, 
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where  a ,  represents  the  current  crack  length  at  the  zth  loading  cycle,  rpi  denotes  the  current 
plastic  zone  size  due  to  the  zth  loading  cycle,  aa,  is  the  crack  length  at  which  the  overload  was 
applied,  r  OI  is  the  plastic  zone  created  by  the  overload,  and  m  is  the  Wheeler’s  empirically 

adjustable  shaping  exponent  which  can  be  simply  taken  as  the  value  that  best  fits  the  data. 
Typical  value  for  Wheeler's  shaping  exponent,  m ,  ranges  from  1  to  3.  According  to  Wheeler 
[70],  the  crack  growth  retardation  will  occur  as  long  as  the  current  plastic  zone  lies  within  the 
plastic  zone  created  by  the  overload.  As  soon  as  the  boundary  of  the  current  plastic  zone  reaches 
the  boundary  of  the  plastic  zone  created  by  the  overload,  the  crack  growth  retardation  will  cease 
(i.e.,  <f)R  =  1).  A  graphical  explanation  of  the  parameters  used  in  Wheeler  model  is  shown  in 
Fig.79. 
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Overload 


Fig. 79  Schematic  representation  of  the  parameters  used  in  the  Wheeler  model 


The  plastic  zone  sizes  in  Eq.  (18)  are  often  calculated  by  using  Irwin’s  method  [71].  The 
plastic  zone  diameter  under  cyclic  loading  is  estimated  as  [72], 
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while  the  inonotonic  overload  plastic  zone  size  is  calculated  as  [73], 
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In  Eqs.  (19)  and  (20),  fi  =  \  and  3  for  plane  stress  and  plane  strain  conditions,  respectively. 
A.K ,  is  the  stress  intensity  factor  range  at  the  /th  loading  cycle  and  Kol  is  the  stress  intensity 
factor  corresponding  to  the  overload,  cr  is  the  yield  stress  of  the  material.  In  the  current 

investigation,  the  thickness  of  specimens  is  less  than  5  mm  and  plane  stress  conditions  are 
expected  to  prevail.  Therefore  /?= 1  is  used  in  Eqs.  (19)  and  (20).  For  7075-T651  aluminum 

alloy  under  consideration,  the  yield  stress  (cr< )  is  estimated  to  be  420.3  MPa.  For  SS304  and 

AL6-XN  stainless  steels,  rr(  are  estimated  to  be  340  MPa  and  420  MPa,  respectively. 

A  prediction  of  the  crack  growth  rate  after  overloading  using  Eq.  (18)  is  shown  in  Fig.  80  for 
different  materials.  The  following  values  of  constants  in  Wheeler's  model  were  used  (Table  27) 


Table  27  Constants  in  Wheeler’s  model 


Material 

7075-T651 

AL6-XN 

AISI  304 L 

m 

1.056 

1.200 

0.720 

cry ,  MPa 

420.3 

420 

340 
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Fig. 80  Predictions  of  crack  growth  rate  after  overloading  using  Eq.  (17):  (a)  7075-T651; 

(b)  AL6-XN;  (c)  AISI  304L 


It  can  be  seen  from  Fig.80,  that  an  accurate  prediction  of  post-overload  behavior  based  on 
Wheeler’s  correction  factor  cannot  be  achieved  for  either  of  the  materials.  The  worst  prediction 
occurs  in  case  of  7075-T651  aluminum  alloy  (Fig. 80(a)),  where  the  predicted  growth  rate  curve 
differs  significantly  from  the  experimentally  observed  one.  When  adopting  Wheeler’s  correction 
factor  for  7075-T651  alloy,  the  post -overload  predicted  curve  increases  slowly  at  first  and  then 
increases  rapidly  until  it  resumes  the  normal  crack  growth  rate.  However,  the  experimental 
results  indicate  that  once  the  minimum  growth  rate  after  overloading  is  reached,  the  growth  rate 
increase  sharply  and  then  asymptotically  approaches  the  normal  rate.  In  case  of  two  stainless 
steels  under  consideration,  the  overall  behavior  is  predicted  rather  well  (Fig.80(b)  and  (c)). 
However,  the  model  predicts  a  much  lower  stationary  point  of  the  crack  growth  rate  after  the 
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application  of  overload.  The  material  constants  can  be  adjusted  to  fit  the  point  well  with  the 
lowest  crack  growth  rate  in  Fig.80.  However,  such  a  change  will  alter  the  prediction  of  the  crack 
growth  rate  within  the  overload  influencing  zone  through  a  shift-up  of  the  prediction.  In  this 
way,  the  predicted  crack  growth  in  the  rest  of  the  overload  influencing  zone  will  be  higher  than 
the  experimental  data.  In  addition,  the  Wheeler’s  correction  factor  cannot  predict  the 
phenomenon  of  crack  growth  acceleration  which  can  be  observed  immediately  after  overload  in 
AISI  304L  stainless  steel  (Fig.80(c)). 

It  is  clear  that  the  Wheeler’s  factor  cannot  predict  correctly  the  details  of  the  crack  growth 
after  overloading.  It  is  necessary  to  make  a  modification  to  Wheeler’s  correction  factor  in  order 
to  give  a  better  prediction  of  the  crack  growth  in  the  retardation  zone.  In  order  to  capture  the 
post-overload  behavior  better,  the  modifications  to  the  original  Wheeler’s  model  were  proposed 
for  each  material.  These  modifications  are  discussed  in  detail  in  the  subsequent  sections 
corresponding  to  each  of  the  materials  under  investigation. 

4  APPICATION  OF  CRACK  GROWTH  RATE  MODELING 
4.1  7075-T651  ALUMINUM  ALLOY 

The  consideration  of  the  R  -ratio  effect  using  Eq.(14)  with  «=0.35  is  shown  in  Fig.  81  for 
the  aluminum  alloy  tested  under  constant  amplitude  loading.  Except  for  R  =0.75,  a  good 
correlation  is  achieved  for  the  constant  amplitude  loading  with  different  ^-ratios.  The  model 
especially  works  well  in  Region  II.  Fitting  the  experimental  data  in  Region  II  in  Fig.  81  by  Eq. 

(15)  using  the  least-squares  method  gives C  =  6.0  x  10  x  and  n  =  3.32. 


Kmaxa  (AK+)(,‘a>(MPa^) 


Fig. 81  Constant  amplitude  crack  propagation  with  the  effect  of  the  R  -ratio  using  Eq.(14) 
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Modeling  of  crack  growth  behavior  under  variable  amplitude  loading  was  done  based  on  the 
correction  parameter  introduced  in  Paris  law.  The  form  of  correction  factor  proposed  by 
Wheeler  did  not  yield  satisfactory  predictions,  as  was  shown  above  (Fig. 80).  In  the  current 
investigation,  the  correction  factor,^,  is  modified  and  defined  with  the  following  form. 


<t>K  = 


r  \ 

r 

V  nmr  J 


(21) 


where  rpi  denotes  the  current  plastic  zone  size  and  rpmr  represents  the  effective  residual  plastic 

zone  size  with  the  combined  consideration  of  overloading  and  the  crack  propagation. 
Immediately  after  the  overloading,  r  reaches  its  maximum  value  to  reflect  the  instantaneous 

effect  of  overloading.  During  the  subsequent  crack  propagation,  r  reduces  rapidly  until  it 

recovers  to  the  value  of  the  current  plastic  zone  size,  r  should  satisfy  the  following  conditions: 

when  a ,  =  aol  ,  rpmr  =  r^n  ;  when  a ,  =  aR  ,  rpmr  =  rpi  ,  where  aR  presents  the  crack  length  at 

which  the  crack  growth  rate  resumes  to  its  stable  level  of  the  constant  amplitude  loading. 
Considering  the  trend  of  the  crack  growth  rate  in  the  transient  zone,  many  expressions  can  be 
chosen,  such  as, 
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The  two  expressions  give  very  close  results.  In  the  current  investigation,  Eq.  (23)  is  employed. 
The  value  of  aR  in  Eq.  (23)  can  be  estimated  by, 


aK=aoi.+rP,oi.-rPR 


(24) 


where  r  R  represents  the  plastic  zone  size  at  the  crack  length  of  awand  can  be  determined  by 
using  Eq.  (19),  i.e.. 


v  = 


fin 


V2<JrZ 


(25) 


AKr  is  the  stress  intensity  factor  range  at  the  crack  length  of  «wand  can  be  calculated  by  using 
Eqs.  (3~5).  It  is  clear  that  r  K  in  Eq.  (24)  in  turn  is  a  function  of  aR .  By  using  the  iteration 
method,  the  value  of  aR  can  be  easily  determined.  The  estimated  transient  zone  size  ( aR  -  aOL ) 

agrees  with  experimentally  measured  values  very  well. 

It  should  be  mentioned  that  different  materials  exhibit  different  fatigue  cracking  behavior  in 
the  transient  zone  after  the  application  of  an  overload.  The  specific  expression  of  <f>R  in  Eq.  (18) 
depends  on  the  material.  In  the  current  investigation.  Eq.  (23)  is  used  for  7075-T651  aluminum 
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alloy.  In  the  traditional  Wheeler's  model  (Bqs.  (17)  and  (18)),  the  parameter  m  in  Eq.  (18)  is 
dependent  on  the  stress  ratio  and  the  overload  ratio  [73].  In  the  proposed  model,  the  stress  ratio 
effect  is  incorporated  into  the  two-parameter  fatigue  driving  force  (Eq.  (14)  and  Eq.  (17)).  It  is 
highly  possible  that  parameter  tn  in  Eqs.  (18)  and  (21)  and  parameter  p  in  Eqs.  (22)  and  (23)  are 
independent  of  stress  ratio  when  using  Eq.  (17)  to  predict  the  crack  growth  rate  after  overloading. 
In  the  primary  examination  on  the  application  of  the  proposed  model,  the  parameter  m  in  Eqs. 
(18)  and  (21)  and  the  parameter  p  in  Eq  (23)  are  simply  assumed  to  be  constants  that  best  fit  the 
experimental  data. 

According  to  the  proposed  correction  factor  in  Eq.  (21),  the  minimum  value  of  the  crack 
growth  rate  occurs  immediately  after  overloading  or  switching  the  loading  amplitude  from  a 
higher  value  to  a  lower  value.  The  crack  growth  rate  increases  sharply  with  the  crack 
propagation.  When  the  crack  approaches  the  boundary  of  the  transient  zone,  the  crack  growth 
rate  slows  down  and  gradually  resumes  to  the  normal  level  under  constant  amplitude  loading. 
Compared  to  the  Wheeler's  correction  factor,  the  modified  correction  factor  can  predict 
qualitatively  the  details  of  the  crack  growth  within  the  retardation  zone. 

The  fatigue  crack  growth  results  predicted  by  using  Eqs  ( 1 4~  15),  (17),  (19~21)  and  (23-25) 
are  shown  in  solid  lines  in  Figs.  16  and  18  for  the  specimens  subjected  to  the  overloading  and 
high-low  sequential  loading  conditions.  For  the  retardation  zone  of  the  crack  growth  rate  after 
overloading  or  after  switching  the  loading  amplitude  to  a  lower  value,  Eqs.  (17),  (19-21)  and 
(23-25)  are  employed  to  predict  the  crack  growth  rate.  The  value  of  tn  in  Eq.  (21)  and  the  value 
of  p  in  Eq.  (23)  are  adjusted  to  best  fit  the  experimental  data  of  specimen  90_C16.  The  fitting 
result  gives  that  tn  =  2.6  and  p=  5.3.  The  same  values  of  tn  and  p are  applied  to  the  predictions 
of  the  other  three  overloading  and  high-low  sequential  loading  specimens.  The  normal  crack 
growth  rates  before  and  after  the  retardation  zone  are  calculated  using  Eq.  (15).  The  proposed 
model  can  predict  the  crack  growth  well  for  the  influence  of  overloading  and  high-low  sequence 
loading. 

4.2  AISI  304L  STAINLESS  STEEL 

The  crack  growth  rate  versus  fatigue  driving  force  defined  in  Eq.  (14)  under  constant 
amplitude  loading  is  shown  in  Fig.  82.  A  good  correlation  between  crack  growth  rate  and  stress 
ratio  can  be  achieved  with  constant  a  =  0.36  for  the  tests  under  constant  amplitude  loading  with 
different  R- ratios.  In  region  of  stable  growth  the  relationship  between  the  crack  growth  rate  and 
fatigue  driving  force  can  be  expressed  by  Eq.  (15)  with  constants  C  =  1.25x1  O’10  and  n  =  3.97. 
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Fig. 82  Constant  amplitude  crack  propagation 


Modeling  of  crack  propagation  behavior  under  variable  amplitude  loading  was  done  based  on 
the  modification  of  Wheeler's  approach.  Since  in  the  original  formulation  the  model  targets  the 
crack  growth  rate  retardation  after  the  application  of  an  overload,  it  cannot  predict  a  period  of 
acceleration  in  crack  growth  upon  overloading,  a  phenomenon  observed  in  the  material  under 
investigation  (Fig.80(c)).  Furthermore,  the  original  W’heeler  model  postulates  that  the  minimum 
point  in  crack  growth  will  be  reached  immediately  after  overloading,  which  is  true  for  some 
materials  [74]  but  it  is  not  the  case  for  other  metallic  alloys  [75].  In  order  to  overcome  this 
drawback  of  the  original  Wheeler’s  model,  Yuen  and  Taheri  [51]  added  two  correction  factors  to 
Wheeler’s  model  in  the  following  form, 

da  /  dN  =  <f>K<f>DC(AKacc)n  (26) 

where  <f>K  and  <f>n  are  two  parameters  introduced  to  model  the  retardation  and  delayed-retardation 
growth,  respectively.  C  and  n  are  the  constants  in  the  Paris  law  for  stable  crack  growth.  A KiKC 
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is  so-called  accelerated  stress  intensity  factor  range  that  will  be  defined.  For  stable  crack  growth, 
<t>H  ~  1 .  <!>o  = 1 .  and  A Kacc  =  A K  . 

The  retardation  factor  (f>K  is  identical  to  the  one  in  Wheeler's  model  (Eq.(18)).  The 
delay  retardation  parameter  <pn  introduced  in  Eq.(26)  is  defined  as. 


0/>  — 


aoi.  +  rn.oi  ai 


/v 


if  a ,  +  rp{  <  aOL  +  rDOL 


(27) 


where  m'  is  an  additional  shaping  exponent  and  rDOl  denotes  the  size  of  the  overload  effective 
delay  zone  which  is  related  to  rpOI  by  rDOI  =%-rp  ol  ,  where  £  is  an  experimentally  based 
litting  constant. 

The  sizes  of  plastic  zones  in  the  plane  stress  condition  can  be  determined  following  Irwin's 
method  (Eqs(19  and  20)).  The  accelerated  stress  intensity  factor  range,  A Kacc ,  is  defined  as. 


AKacc=AK,+(AKOL-AK,) 


p.i 


aOL  +  rD,OL  ai 


if  a,  +  rp  i  <  aOL  +  rDOL  (28) 


The  fitting  constants  employed  in  the  modified  Wheeler's  model  for  AISI  304L  stainless 
steel  are:  m=0.12 ,  w*=1.0,  ^=0.2,  and  cr  =340  MPa.  These  constants  were  obtained  by  best 

fitting  the  experimental  data  obtained  from  specimen  C05. 

The  modified  Wheeler's  model  described  above  was  applied  to  the  cases  when  a  single 
overload  was  introduced  into  the  constant-amplitude  loading  history.  The  results  are  shown  in 
Fig.  83  together  with  the  experimental  results.  It  can  be  seen  that  the  model  is  capable  of 
predicting  the  general  features  of  the  post-overloading  behavior  of  304L  steel.  However,  the 
model  over  predicts  the  magnitude  of  crack  growth  retardation  after  the  application  of  an 
overload  for  the  low  overload  ratio  case  (Fig.  83(a)).  At  the  same  time,  the  model  over-predicts 
the  crack  growth  acceleration  after  overloading  for  the  cases  with  higher  overload  ratios  (Fig. 
83(c)  and  Fig.  83(d)). 
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da/dN  Crack  Growth  Rate,  mm/cycle  da/dN  Crack  Growth  Rate,  mm/cycle 


AK,  Stress  Intensity  Factor  Range  MPa  m 
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Fig. 83  Prediction  of  crack  growth  behavior  in  single  overload  experiments  based  on 

modified  Wheeler’s  model 


A  comparison  between  predictions  based  on  the  modified  Wheeler's  model  and  the 
experimental  data  for  the  two-step  loading  histories  is  shown  in  Fig.  84.  The  model  predicts  the 
crack  growth  behavior  under  high-low  loading  sequence  reasonably  well.  It  is  noticed  that  the 
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da/dN  Crack  Growth  Rate,  mm/cycle 


model  is  capable  of  distinguishing  the  differences  of  the  three  loading  situations  depicted  in 
Fig.84. 


(a)  (b) 


(c) 

Fig.84  Prediction  of  crack  growth  rate  in  two-step  high-low  step  loading 
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4.3  AL6-XN  SUPERAUSTENITIC  STAINLESS  STEEL 


Figure  85  summarizes  the  relationship  between  the  constant  amplitude  crack  growth  rate  of 
AL6-XN  stainless  steel  and  two-parameter  fatigue  driving  force  with  a  =  0.25 .  The  curves  of 
crack  growth  rate  with  different  stress  ratios  practically  coincide  extremely  well,  especially  when 

the  two-parameter  fatigue  driving  force  is  larger  than  20  MPaVin  .  The  relationship  between 
crack  growth  rate  and  fatigue  driving  force  can  be  described  by  Eq.  (15)  with  C  =  1.8x10  11  and 
n  -  4.4 . 


0) 

o 


E 

E 


<D 

■4— * 

CO 

cr 


sz 
% 
2 
c D 

(J 

(0 

6 

TO 

76 

T3 


Fig. 85  Constant  amplitude  crack  propagation 


A  modification  to  the  original  Wheeler  model  is  proposed  for  AL6-XN  stainless  steel  in 
order  to  better  capture  the  effect  of  the  application  of  variable  amplitude  loading  on  the  crack 
growth.  Departing  from  the  Paris  law  description  of  the  stable  crack  growth  (Eq.(15)),  and 
adopting  Irwin's  model  for  the  plastic  zone  size  (Eq.(19)),  the  crack  growth  rate  can  be 
expressed  in  terms  of  rp  for  constant  amplitude  loading, 


da/dN  =  z{rpi)'  \ 


(29) 
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where  x  =  c{2.J~iray  ^  and  C  and  n  are  the  constants  in  the  Paris  law.  The  current  approach 

makes  use  of  the  assumption  that  crack  growth  is  related  to  the  plastic  zone  size  and  Eq.(10)  is 
valid  for  variable  amplitude  loading.  Equations  (10)  and  (9)  are  identical  in  the  stable  crack 
growth  regime  with  constant-amplitude  loading.  For  variable  amplitude  loading,  the  key  is  to 
determine  the  plastic  zone  size  at  a  given  moment. 

Referring  to  Fig.86,  the  evolution  of  the  post-overload  plastic  zone  size  follows. 
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where  rpL  is  the  cyclic  plastic  zone  size  of  a  propagating  crack  immediately  after  the  application 

of  the  overload,  which  is  considered  to  be  corresponding  to  the  lowest  crack  growth  rate  in  the 
overload  influence  zone.  rpR  is  the  cyclic  plastic  zone  size  of  the  crack  size  aR  corresponding 

to  the  point  where  the  “post-overload”  curve  merges  with  the  stable  growth  curve.  aOL  is  the 
crack  length  at  which  overload  is  applied  and  ut  is  the  crack  length  at  the  i-lh  loading  cycle  after 
the  application  of  the  overload.  The  parameter  p  serves  as  a  fitting  constant.  It  can  be  seen  that 


when  a,  =  aOL  the  plastic  zone  size  is  equal  to  rpl  and  when  the  crack  length  reaches  the  value 
of  aR  the  plastic  zone  is  rpi  =  rpR . 


Fig.86  Schematic  illustration  of  the  plastic  zone  size  and  the  crack  growth  rate  before 

and  after  overloading 


The  key  is  to  determine  the  plastic  zone  size,  r  L ,  right  after  the  application  of  the  overload. 
rpL  is  related  to  the  maximum  stress  intensity  factor  before  overload  KmaxS  to  the  stress 
intensity  factor  of  the  overloading, 


n 

\~ 


' PL 

\rpsj 


^ma  xS 

kol  j 


(31) 


-  105- 


The  parameter  p  in  Eq.  (31)  is  considered  to  be  a  material  constant  used  to  describe  the  degree 
of  the  crack  growth  retardation  for  a  given  overload.  The  value  of  aR  in  the  Eq.(30)  is 
determined  following  Wheeler’s  approach  (Fig.79) 

aR  =  aOL  +  rp,OL  ~  rpR  (32) 


Since  rpR  is  a  function  of  aR  ,  Eq.(32)  can  be  solved  through  iterations. 


AK,  Stress  Intensity  Factor  Range,  MPa  m 

(a) 


(b) 


(c) 


Fig. 87  Prediction  of  overload  effect  on  crack  growth  rate  based  on  modified  Wheeler’s 

model 
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The  predicted  crack  growth  results  based  on  the  modified  Wheeler  model  are  reported  in  Figs. 
87  and  88  together  with  the  experimental  data  for  the  overload  cases  and  high-low  loading 
sequence  cases,  respectively.  The  constants  in  the  model  are  /?  =  3.6  and  p  =  2  and  these 
constants  were  used  in  predictions  of  all  the  cases  of  crack  growth  rate  under  the  variable 
amplitude  loading  conditions  investigated  on  AL6-XN.  It  can  be  seen  that  the  modification  can 
capture  the  fatigue  crack  growth  behavior  under  the  application  of  the  overload  and  the  high-low 
sequence  loading  with  a  good  accuracy.  The  model  can  properly  distinguish  the  three  cases  of 
the  high-low  sequence  loading  with  the  dependence  of  the  crack  growth  rate  on  the  maximum 
value  of  stress  intensity  factor  within  loading  cycle  (Fig.88).  This  is  achieved  with  the  use  of 
Eq.(3 1).  Since  the  crack  growth  retardation  depends  on  the  overload  ratio  (or  in  the  case  of  high- 
low  loading  sequence,  on  the  Kmax  Low  /  Kmax  Hlgh  ratio),  no  retardation  is  predicted  when  the 

specimen  is  tested  with  the  same  maximum  load  in  both  steps  (Fig.88(a)). 


(a) 
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(b) 


(C) 

Fig. 88  Prediction  of  High-Low  loading  sequence  effect 
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5.  NEW  APPROACH 


An  approach  developed  by  Jiang  and  Feng  [74]  based  on  two-dimensional  elastic-plastic 
stress  analysis  for  fatigue  loading  was  employed  to  simulate  fatigue  crack  growth.  The  cyclic 
plasticity  model  of  Armstrong-Frederick  type  developed  by  Jiang  and  Sehitoglu  [76,  77]  and  a 
multiaxial  fatigue  criterion  developed  by  Jiang  [59]  were  used  to  predict  fatigue  crack 
propagation  in  A1SI  304L  stainless  steel.  The  stress-strain  response  obtained  from  finite  element 
simulation  was  used  to  compute  the  fatigue  damage  accumulation,  from  which  in  turn  crack 
growth  rate  was  calculated.  The  geometry  of  the  models  and  the  loading  conditions  were 
identical  to  those  used  in  the  crack  growth  experiments  described  previously  in  the  report 

5. 1.  CYCLIC  PLASTICITY  MODEL  AND  FA TIGUE  CRITERION 

The  modeling  of  fatigue  failure  of  the  material  generally  consists  of  two  major  steps: 

a)  Determination  of  the  stress-strain  response  of  the  material  point  subjected  to  cyclic 
loading  using  a  cyclic  plasticity  model;  and, 

b)  Determination  of  the  fatigue  damage  on  the  critical  plane  based  on  the  stress-strain 
response  using  a  multiaxial  fatigue  criterion. 


Table  28  Cyclic  plasticity  model  used  in  the  finite  element  simulations 


s  =  deviatoric  stress 

Yield  Function 

/=(s-a):(M- 

-2^=0 

a  =  backstress 

k  =  yield  stress  in  shear 

n  =  normal  of  yield  surface 

Flow  Law 

ds  r  -  —  ^JiS'  :  n^n 

h  =  plastic  modulus  function 

sp  =  plastic  strain 
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Hardening 
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V  1*.* 
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M  -  number  of  backstress  parts 

dp  =  equivalent  plastic  strain  increment 

c<'\  r(l),  z0>=  material  constants 

Earlier  studies  indicate  that  an  accurate  stress  analysis  is  the  most  critical  part  for  the  fatigue 
analysis  of  the  material  [60,  78,  79],  If  the  stresses  and  strains  can  be  obtained  with  accuracy, 
fatigue  life  can  be  reasonably  predicted  by  using  a  multiaxial  fatigue  criterion.  The  elastic- 
plastic  stress  analysis  of  a  notched  or  cracked  component  requires  the  implementation  of  a  cyclic 
plasticity  model  into  FE  software  package.  Cyclic  plasticity  deals  with  the  nonlinear  stress-strain 
response  of  a  material  under  repeated  external  loading.  The  selection  of  an  appropriate  cyclic 
plasticity  model  is  crucial  for  an  accurate  stress  analysis  of  a  component  subjected  to  cyclic 
loading.  The  cyclic  plasticity  model  implemented  in  the  present  study  was  developed  by  Jiang 
and  Sehitoglu  [76]  and  has  been  successfully  applied  to  the  cyclic  plasticity  modeling  of  a 
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variety  of  materials  [76,  77].  The  basic  mathematical  equations  constituting  the  model  are  listed 
in  Table  28.  The  choice  of  the  model  was  based  on  its  capability  to  describe  the  general  cyclic 
material  behavior  including  cyclic  strain  ratchetting  and  stress  relaxation  that  occur  in  the 
material  near  the  notch  or  crack  tip.  The  detailed  description  of  the  model  can  be  found  in  the 
corresponding  papers  and  the  present  section  is  limited  to  the  brief  introduction  of  the  major 
concepts  within  the  approach. 

The  details  of  the  determination  of  the  material  constants  in  the  model  can  be  found  in  the 
corresponding  paper  [77].  It  should  be  mentioned  however,  that  the  material  constants  in  Table 
28  are  determined  directly  from  the  cyclic-stress  strain  curve  for  a  given  material. 

The  plasticity  model  was  implemented  into  the  general  purpose  FE  package  ABAQUS 
through  the  user  defined  subroutine  UMAT  [80].  A  backward  Euler  algorithm  is  used  in  an 
explicit  stress  update  algorithm.  The  algorithm  reduces  the  plasticity  model  into  a  nonlinear 
equation  that  can  be  solved  by  Newton's  method.  The  corresponding  consistent  tangent  operator 
is  derived  for  the  global  equilibrium  iteration,  which  ensures  the  quadratic  convergence  of  the 
global  Newton-Raphson  equilibrium  iteration  procedure  [81]. 

A  critical  plane  multiaxial  fatigue  criterion  developed  by  Jiang  [59]  is  used  for  the 
assessment  of  fatigue  damage  based  on  the  stress-strain  output  from  the  FE  simulations.  The 
description  of  Jiang’s  fatigue  criterion  is  given  in  Section  II. 

5.2.  FINITE  ELEMENT  MODEL 

Due  to  the  small  thickness,  plane-stress  condition  was  assumed  for  the  round  compact 
specimen.  Four-node  plane-stress  elements  were  used  in  FE  mesh  model.  The  FE  mesh  model 
shown  in  Fig.89  was  created  by  using  the  FE  package  Hypermesh  [82].  Due  to  the  symmetry  in 
geometry  and  loading,  only  half  of  the  specimen  was  modeled.  To  properly  consider  the  high 
stress  and  strain  gradients  in  the  vicinity  of  the  notch  or  crack  tip,  very  fine  mesh  size  was  used 
in  these  regions.  The  size  of  the  smallest  elements  in  the  mesh  model  was  ().05mm.  There  were 
approximately  3058  to  5067  elements  used  in  the  mesh  model  depending  on  the  crack  size.  The 
knife  edges  for  the  attachment  of  the  open  displacement  gage  in  the  specimen  (Fig.  27)  were  not 
modeled  because  the  free  end  of  the  specimen  does  not  affect  the  stress  and  strain  of  the  material 
near  the  crack  tip  or  notch. 

Referring  to  the  coordinates  system  employed  in  Fig.89,  the  tensile  external  load,  P ,  is 
applied  in  the  y  direction  uniformly  over  nine  nodes  on  the  upper  surface  of  the  loading  hole. 
To  mimic  the  actual  loading  condition,  the  compressive  load  is  applied  in  the  negative  y 
direction  uniformly  over  nine  nodes  on  the  lower  surface  of  the  loading  hole.  The  displacements 
in  the  x  direction  of  the  middle  nodes  on  the  upper  edge  of  the  loading  hole  are  set  to  be  zero. 
The  displacements  in  the  y  direction  for  all  the  nodes  on  the  plane  in  front  of  the  crack  tip  or  the 
root  of  the  notch  are  set  to  be  zero. 

In  order  to  consider  the  possible  contact  between  the  upper  and  lower  surfaces  of  a  crack,  the 
FE  model  incorporates  the  contact  pairs  defined  in  ABAQUS  [80].  The  crack  surface  of  the 
lower  symmetric  half  of  the  specimen  is  considered  as  a  rigid  surface  which  acts  as  the  master 
surface.  The  corresponding  crack  surface  of  the  upper  half  of  the  specimen  serves  as  the  slave 
surface. 
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Fig. 89  Finite  element  mesh  model:  (a)  half  of  the  specimen;  (b)  crack-tip  area;  (c)  notch 

area 

In  order  to  consider  the  contact  between  upper  and  lower  surfaces  of  a  crack,  the  finite 
element  modeling  incorporated  the  use  contact  pairs  defined  in  the  ABAQUS  software  [80],  The 
lower  symmetric  half  of  the  specimen  was  considered  as  a  rigid  body  which  acted  as  the  master 
surface,  and  the  upper  half  served  as  the  slave  surface.  In  the  current  finite  element  simulation, 
y  =  0  plane  was  attached  to  a  two-dimensional  analytical  rigid  surface  which  worked  as  the 
master  surface.  The  slave  surface  started  from  the  first  node  after  the  crack  tip  and  extended  to 
the  node  at  the  notch  root. 


5.3.  CRACK  GROWTH  SIMULATION 

Following  the  description  of  Jiang’s  fatigue  model  (Section  II,  Eq.  (10))  fatigue  damage  per 
loading  cycle  was  calculated  by  using  the  stabilized  stress  and  strain  response,  in  order  to  obtain 
the  crack  growth  rate  corresponding  to  the  certain  length.  The  results  of  cyclic  plasticity 
modeling  in  the  present  work  show  that  the  stress-strain  response  stabilizes  after  ten  loading 
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cycles  and  the  fatigue  damage  .can  be  computed  based  upon  stresses  and  strains  from  the 
stabilized  hysteresis  loop. 

The  crack  advance  scheme  was  adopted  in  order  to  simulate  crack  growth  behavior  under 
variable  loading  conditions,  such  as  overloading,  underloading,  two-step  sequence  loading.  This 
was  done  in  order  to  investigate  in  detail  the  effects  of  change  in  loading  on  crack  propagation 
behavior,  including  the  acceleration  and  retardation  of  crack  growth  rate,  as  well  as  the  size  of 
influencing  zone. 

In  order  to  simulate  crack  propagation  in  the  overload  or  underload  influencing  zone,  the 
nodes  between  the  original  crack  tip  when  overload  or  underload  was  applied  (including  the 
original  crack-tip  node)  and  the  new  crack  tip  of  a  designed  crack  length  were  set  to  a  node  set. 
The  nodes  of  this  node  set  were  bonded  at  first,  and  during  the  subsequent  constant  amplitude 
loading,  these  nodes  were  de-bonded  one  by  one.  The  node-release  method — crack  length 
versus  time  in  ABAQUS  [80] — was  adopted  to  simulate  the  crack  advancement.  After  all 
desirable  nodes  releasing,  ten  cycles  of  constant  amplitude  loading  were  applied  to  stabilize  the 
stress  strain  response  and  get  stabilized  crack  growth  rate  corresponding  to  the  new  crack  length. 
After  the  crack  penetrates  the  transient  zone,  the  crack  growth  rate  curve  obtained  using  crack 
advance  scheme  coincides  with  the  prediction  by  using  the  method  for  constant  amplitude 
loading  without  de-bonding  nodes.  As  a  result,  the  overload  or  underload  influencing  zone  was 
determined  in  finite  element  simulation. 

When  it  comes  to  two-step  sequence  loading,  the  crack  advance  scheme  mentioned  above 
was  used  to  simulate  loading  sequence  effect.  Similarly,  the  bonded  node  set  included  the  nodes 
from  the  original  crack  length  to  the  first  node  right  after  the  designated  crack  tip.  The  first-step 
constant  amplitude  loading  was  applied  at  the  crack  length  identical  to  the  length  at  which 
loading  condition  was  switched  to  the  second-step  loading  in  the  experiment.  Following  enough 
cycles  of  first-step  loading,  the  second-step  constant  amplitude  loading  was  applied  with 
releasing  nodes.  After  all  nodes  in  the  node  set  were  released,  ten  loading  cycles  of  the  second 
step  was  applied  at  the  new  crack  length  to  get  stabilized  stress  and  strain  response  leading  to 
crack  growth  rate.  When  the  crack  propagated  to  a  certain  length,  there  was  little  difference 
between  the  rate  calculated  by  using  node-releasing  scheme  and  that  expected  in  constant 
amplitude  loading  of  the  second  step  without  effect  of  first-step  loading  history.  Therefore,  the 
transient  zone  started  from  the  original  crack  length  to  this  certain  length. 


5.4.  DETERMINA TION  OF  CRACK  GROWTH  RA  TE 


For  continuous  crack  growth  under  constant  amplitude  loading  with  small  yielding,  a  simple 
formula  was  derived  for  the  determination  of  the  crack  growth  rate  [74], 


da  A 
dN  ~  Dq 


(33) 


where 

A  =  A D(r)dr  , 


(34) 


r  is  the  distance  from  the  crack  tip  and  rn  is  the  damaging  zone  size  ahead  of  the  crack  tip  where 
the  fatigue  damage  is  non-zero.  AD(r)  is  the  maximum  fatigue  damage  per  loading  cycle  with 
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respect  to  all  possible  material  planes  at  a  given  material  point.  A D(r)  is  determined  by 
integrating  Eq.(33)  over  one  loading  cycle, 


AD  =  j 

cycle 


{  v 

1  +  bodep  + 

<y,  A 


(35) 


for  a  given  material  point  once  the  stress-strain  response  at  the  point  is  known.  In  Eq.(34),  A 
denotes  the  damaging  area  enclosed  by  the  A D{r)  -  r  curve. 


Fig. 90  Distribution  of  fatigue  damage  per  loading  cycle  as  a  function  of  the  distance  from 

the  crack  tip 

Figure  90  shows  the  distribution  of  A D(r)  along  the  * -direction  for  Specimen  C01  which 
was  subjected  to  constant  amplitude  loading  with  R  =  0. 1  and  AP  /  2  =  2.475RN .  According  to  the 
fatigue  criterion.  Eq.(33),  a  material  plane  will  accumulate  fatigue  damage  when  the  memory 
stress  is  higher  than  the  endurance  limit  and  the  material  point  experiences  plastic  deformation. 
For  a  cracked  component,  only  the  material  near  the  crack  tip  accumulates  fatigue  damage.  The 
values  of  A D(r)  are  determined  along  all  radial  directions  in  a  polar  coordinate  system.  The 
direction  at  which  the  crack  growth  rate  is  a  maximum  or  the  value  of  A  is  a  maximum  is  the 
predicted  cracking  direction.  The  corresponding  crack  growth  rate  is  the  predicted  crack  growth 
rate. 

The  approach  described  in  the  previous  sub-sections  assumes  that  a  material  point  fails  to 
form  a  fresh  crack  on  the  critical  plane  when  the  accumulation  of  the  fatigue  damage  on  the 
critical  material  plane  reaches  a  critical  value,  D0.  The  rule  applies  to  the  initiation  of  a  crack 
and  the  crack  extension  after  a  crack  has  been  formed.  Therefore,  the  approach  unifies  both  the 
initiation  and  the  subsequent  crack  propagation  stage.  The  distribution  of  the  stress-plastic  strain 
field  in  the  vicinity  of  a  notch  root,  however,  influences  the  early  crack  growth,  which  should  be 
properly  considered. 

The  definition  of  crack  initiation  used  in  the  current  study  is  different  from  that  of  the 
traditional  way.  The  crack  initiation  of  a  fatigue  crack  is  judged  by  using  the  fatigue  criterion, 
Eq.(33).  Once  the  fatigue  damage  on  a  material  plane  for  the  material  point  at  the  notch  root 
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reaches  the  critical  fatigue  damage.  D0,  the  notched  member  is  called  to  have  initiated  a  fatigue 
crack. 


Fig. 91  Fatigue  damage  per  loading  cycle  during  crack  initiation 


The  FE  stress  analysis  is  conducted  with  the  notched  member  for  the  designated  loading 
condition.  For  a  notched  component,  the  maximum  fatigue  damage  occurs  at  the  notch  root. 
The  fatigue  damage  per  loading  cycle  can  be  determined  and  it  can  be  plotted  as  a  distribution 
along  the  radial  direction  from  the  notch  root.  Fig.  91  shows  an  example  for  Specimen  C20 
(  R  =  0.2  ,  AP/2  =  2.0kN ,  notched  depth  an  =7.38  mm,  notch  radius  =  2.0  mm).  The  distance,  r  , 
from  the  notch  root  is  along  the  x-axis  (refer  to  Fig. 89).  AD,  denotes  the  fatigue  damage  per 
loading  cycle  on  the  critical  plane  during  crack  initiation.  AD,  is  a  function  of  the  location  of  the 
material  point. 

The  maximum  fatigue  damage  occurs  at  the  notch  root  during  crack  initiation.  The  crack 
initiation  life  is  predicted  to  be. 


N,  = 


(36) 


where  N,  is  the  predicted  crack  initiation  life.  D0  is  a  material  constant,  and  A D,„  is  the  fatigue 
damage  per  loading  cycle  on  the  critical  plane  at  the  root  of  the  notch.  A D,„  is  AD,  shown  in 
Fig.9 1  when  r  =  0  . 

During  crack  initiation,  the  fatigue  damage  is  also  accumulated  in  the  vicinity  of  the  notch 
root  and  should  be  considered  in  the  determination  of  the  crack  growth  near  the  notch.  The  area 
where  the  fatigue  damage  accumulation  is  non-zero  during  crack  initiation  (Fig.9 1)  is  referred  to 
as  the  notch  influencing  zone  (NIZ).  For  a  specimen  under  a  given  loading  condition,  the  N1Z 
can  be  determined  by  applying  the  fatigue  criterion,  Eq.(33),  with  the  stress  and  strain  histories 
outputted  from  the  FE  analysis.  For  Specimen  C20  shown  in  Fig.9 1,  the  NIZ  size  is 
approximately  0.85  mm  ahead  of  the  notch  root. 

For  each  material  plane  at  any  material  point,  the  total  fatigue  damage  at  the  end  of  the 
fatigue  crack  initiation  is  NIADI .  It  should  be  reiterated  that  the  discussion  is  based  on  the 
assumption  that  the  material  is  stable  in  stress-strain  response  and  the  applied  loading  has 
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constant  amplitude.  The  crack  growth  rate  within  the  NIZ  can  be  determined  by  using  the 
following  equation  with  the  consideration  of  pre-existing  fatigue  damage  accumulation  [83]: 


da  _  A 

~dN  ~  D0  -  N'AD'(r) 


(37) 


where  A  is  the  damage  area  enclosed  by  the  A D(r)-r  curve,  as  explained  above.  In  Eq.(37), 
N,  and  AD,  (r)  are  related  to  the  fatigue  damage  accumulation  during  crack  initiation  in  the  NIZ. 
For  a  given  crack  size  within  the  NIZ  the  FE  analysis  is  conducted.  The  distribution  of  the 
fatigue  damage  per  loading  cycle,  A D(r),  can  be  determined  as  a  function  of  the  distance  from 
the  crack  tip,  as  shown  in  Fig.90.  The  enclosed  area  made  by  the  A D(r)-r  curve  is  A  in 
Eq.(37).  For  any  direction  radiated  from  the  crack  tip,  the  direction  which  has  the  highest  crack 
growth  rate  is  the  predicted  cracking  direction  and  the  corresponding  crack  growth  rate  is  the 
predicted  crack  growth  rate.  It  can  be  seen  that  the  difference  between  the  crack  growth  rate 
determination  near  the  notch  (Eq.(37))  and  that  away  from  the  notch  root  (Eq.(33))  lies  in  the 
consideration  of  the  fatigue  damage  caused  during  the  crack  initiation  stage. 

Generally,  the  stress-strain  response  becomes  stabilized  after  a  limited  number  of  loading 
cycles.  It  was  shown  [74]  that  the  predicted  crack  growth  results  obtained  based  on  the  stress- 
strain  response  from  the  10th  loading  cycle  were  very  close  to  those  based  on  the  stabilized  stress 
and  strain  response.  Therefore,  the  FE  analysis  for  a  given  notch  or  crack  length  under  a 
designated  loading  amplitude  is  conducted  for  10  loading  cycles.  The  stress  and  strain  results  at 
the  10,h  loading  cycle  are  used  for  the  fatigue  analysis. 

The  stress  and  strain  results  obtained  from  analyzing  the  notched  component  during  crack 
initiation  will  determine  the  fatigue  damage  per  loading  cycle  for  each  material  plane  at  each 
material  point.  Eq.  (36)  is  used  to  determine  the  crack  initiation  life.  FE  stress  analyses  are 
conducted  with  different  crack  lengths  for  a  given  loading  condition.  When  the  crack  tip  is 
within  the  notch  influencing  zone,  Eq.(37)  is  used  for  the  crack  rate  determination.  AD,  (r)  in 
Eq.(37)  is  the  fatigue  damage  per  loading  cycle  for  a  given  material  point  during  crack  initiation. 
Once  the  crack  grows  out  of  the  NIZ,  Eq.(33)  is  used  for  the  crack  growth  rate  determination.  In 
fact,  AD,  (r)  is  determined  during  crack  initiation.  As  a  result,  Eq.(37)  can  be  used  for  both 
situations  since  A D,(r)  is  zero  for  the  material  points  out  of  the  notch  influencing  zone. 

It  should  be  noticed  that  the  FE  simulation  is  conducted  cycle  by  cycle  mimicking  the  real 
crack  growth  procedure.  The  crack  initiation  life  is  determined  first.  The  crack  growth  rates  at 
several  crack  lengths  are  predicted  by  using  the  approach.  Therefore,  the  prediction  is  the 
relationship  between  the  crack  growth  rate,  da/dN ,  and  the  crack  length  for  a  given  notched 
component.  With  the  crack  initiation  life  obtained  from  using  Eq.(36),  the  relationship  between 
the  crack  length  and  the  number  of  loading  cycles  can  be  established  through  a  numerical 
integration. 

Simulations  are  also  conducted  for  the  high-low  step  loading  conditions.  In  a  high-low  step 
loading  experiment,  an  external  load  with  higher  loading  amplitude  is  applied  until  a  crack 
length  reaches  a  certain  value.  The  amplitude  of  the  external  load  is  switched  to  a  lower  value  in 
the  second  loading  step.  In  the  simulations  for  the  high-low  loading  sequence,  one  special 
consideration  is  made.  The  memory  stress,  amr  ,  in  Eq.(35)  is  kept  the  same  before  and 
immediately  after  the  change  of  the  external  load  from  a  higher  amplitude  to  a  lower  amplitude. 
After  an  extension  of  the  crack  in  the  second  loading  step,  the  memory  stress  returns  to  that 
under  the  lower  constant  amplitude  loading. 
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5. 5.  RESUL  TS  OF  FINITE  ELEMENT  SIMULA  TIONS 


Table  29  and  Table  30  give  the  constants  used  in  the  cyclic  plasticity  model  and  the  fatigue 
constants  for  304L  stainless  steel.  The  material  constants  listed  in  both  Table  29  and  Table  30 
were  obtained  from  cyclic  and  monotonic  tests  on  smooth  specimens. 

Table  29  Constants  used  in  the  cyclic  plasticity  model.  Material:  AISI  304L 

E  =  200  GPa,  n  =  0.3,  k  =  1 1 5.5  MPa 

c(,)  =138 1.0,  c(2)  =507.0,  c(3)  =172.0,  c(4)  =  65.0,  c(5)  =  4.08 

yw  =  93.0MPa,  y(2)  =  130.0MPa,  y(3>  =  1  lO.OMPa,  y(4)  =  75.0MPa,  y(5)  =  200.0MPa 

y(D  _  y<  2)  _  (3)  _  (4)  _  (5)  _  g  q 

A*  A*  A*  A*  A* 


Table  30  ^Fatigue  model  constants.  Material:  AISI  304L 

<r0  =  270  MPa;  tn  —  \  .5;  b  =  0.5;  <x j  =800  MPa;  D0  =15000MJ/m1 


The  primary  results  obtained  from  using  the  fatigue  approach  presented  in  the  current 
investigation  is  the  crack  growth  rate  as  a  function  of  the  crack  length  from  the  notch  root  for  a 
given  loading  condition.  However,  the  traditional  way  to  present  the  crack  growth  results  in 
da/dN  -  AK ,  where  A K  is  the  stress  intensity  factor  range,  is  adopted,  considering  the  general 
familiarity  of  the  traditional  presentation  of  the  crack  growth  results. 
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Fig. 92  R  -ratio  effect  on  crack  propagation  under  constant  amplitude  loading 
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Material.  SS304L 


Fig. 93  Notch  effect  for  specimen  C01 


Comparisons  of  the  experimental  crack  growth  results  with  the  predictions  are  shown  in  Fig. 
92  for  the  constant  amplitude  cases.  The  markers  in  the  figure  denote  the  experimentally 
obtained  crack  growth  results  and  the  lines  are  the  predictions.  A  general  good  agreement  can  be 
found  between  the  predictions  and  the  experimental  observations.  It  should  be  reiterated  that  all 
of  the  specimens  were  subjected  to  constant  amplitude  loading  w  ithout  a  pre-crack  except  for 
specimens  Cl 6  and  Cl 4,  to  which  pre-cracking  was  applied  (Table  11).  Therefore,  the  results 
shown  in  Fig.  92  include  the  effect  of  the  notch  on  the  early  crack  growth. 

The  notch  effect  is  dependent  on  the  notch  size.  A  larger  effect  is  expected  if  the  notch  size 
is  larger.  Since  all  of  the  specimens  except  Specimen  C20  (  R  =  0.2  ,  AP/2  -  2.0kN  ,  notch 
radius=2.0mm)  and  Specimen  C24  (  R  =  -1 ,  AP/2  =  3.2kN .  notch  radius=l  .0mm)  had  small  notch 
sizes  with  the  notch  radius  being  0.1mm,  the  notch  effect  is  not  significant.  Figure  93  shows  the 
results  for  Specimen  CO  1  (R  =  0.1,  AP/2  =  2.475  kN,  and  the  notch  depth  an  =  -1.34mm  )  in  terms 
of  the  crack  growth  rate  versus  the  crack  length  measured  from  the  notch  root.  The  size  of  the 
notch  influencing  zone  is  predicted  to  be  0.4  mm. 

Figure  94  shows  the  comparison  of  predicted  crack  growth  rate  with  experimental 
observation  for  the  four  specimens  tested  under  constant  amplitude  loading  with  a  single  tensile 
overload.  The  markers  show  the  results  of  the  experiments  and  the  thick  dotted  lines  represent 
the  prediction  based  on  the  finite  element  modeling.  It  can  be  seen  from  Fig.94  that  the 
simulation  predicts  all  major  features  of  overload  effect  with  good  accuracy.  It  should  be 
particularly  mentioned  that  the  model  is  capable  of  predicting  the  crack  growth  acceleration  after 
application  of  overload.  The  point  of  minimum  crack  growth  in  the  retardation  zone  is  also 
predicted  with  good  accuracy.  After  the  crack  propagates  out  of  the  overloading  influencing 
zone,  the  curve  of  crack  growth  rate  merges  the  stable  growth  curve  of  constant  amplitude 
loading. 
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da/dN,  Crack  Growth  Rate,  mm/cycle  da/dN,  Crack  Growth  Rate,  mm/cycle 
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AK,  Stress  Intensity  Factor  Range,  MPa  m 
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AK,  Stress  Intensity  Factor  Range,  MPa  m 
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Fig. 94  Overload  effect  on  crack  growth 


-  118- 


(a)  (b) 


a,  Crack  Length  from  the  Notch  Root,  mm 
(C) 

Fig. 95  Modeling  of  the  two-step  high-low  loading  sequence  effect  on  crack  propagation 

(AISI  304L  stainless  steel) 


The  results  of  experiments  involving  two  step  high-low  loading  sequence  are  shown  in  Fig. 
95  and  are  displayed  as  a  function  of  the  crack  length  measured  from  the  notch  root.  The 
markers  in  the  figure  represent  the  experimental  data  and  solid  lines  represent  the  predicted  crack 
growth  rate  based  on  the  current  approach.  The  details  of  the  experimental  conditions  are 
summarized  in  Table  13,  Section  I.  The  results  shown  in  Fig.  95  demonstrate  that  the  crack 
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growth  behavior  under  high-low  loading  depends  on  the  loading  conditions  in  the  lower 
amplitude  loading  step.  When  the  experiment  is  performed  with  the  same  maximum  load  in  both 
steps,  the  first  (high  amplitude)  step  has  little  influence  on  the  subsequent  crack  growth  in  the 
second  (low  amplitude)  step.  However,  in  other  two  cases  (Fig.95(b)  and  (c)),  a  significant  crack 
growth  retardation  can  be  observed  at  the  beginning  of  the  low  amplitude  block  of  the 
experiment.  It  can  be  seen  from  Fig.  95  that  the  predictions  of  the  crack  growth  for  the  two-step 
loading  agree  well  with  the  experimental  observations  and  capture  crack  growth  behavior  in  all 
three  cases  described  above. 
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Fig. 96  Crack  length  versus  number  of  loading  cycles 


An  appropriate  approach  should  be  able  to  predict  the  relationship  between  the  crack  length, 
a  ,  and  the  number  of  loading  cycles,  N .  Fig.  96  shows  the  comparison  of  the  experimentally 
obtained  a  -  N  results  and  the  predictions  obtained  from  using  the  fatigue  approach.  The 
predicted  fatigue  life  for  a  given  crack  length  is  obtained  using  the  following  equation. 


N  = 


(38) 


where  N  is  the  number  of  loading  cycle  corresponding  a  crack  length  of  a ,  and  TV,  is  the  crack 
initiation  life  predicted  for  the  specimen  by  using  Eq.(36).  f(a)  is  the  crack  growth  rate  as  a 
function  of  the  crack  length  predicted  by  using  the  approach.  Eq.(38)  is  integrated  numerically 
and  is  applicable  after  crack  initiation.  An  overall  good  correlation  between  the  experiments  and 
the  predictions  can  be  observed  from  the  results  shown  in  Fig.96. 

Another  way  to  evaluate  the  approach  for  the  capability  to  predict  fatigue  life  is  to  compare 
the  crack  initiation  life  and  the  fatigue  failure  life  of  the  specimen  with  those  observed 
experimentally.  As  was  mentioned  in  an  early  section,  the  crack  initiation  used  in  the  current 
study  is  different  from  the  traditionally  used  concept.  The  current  definition  of  the  initiation  life 
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is  a  mathematic  concept  since  it  is  very  difficult  to  experimentally  identify  the  exact  moment  of 
crack  initiation.  However,  a  practical  pseudo  crack  initiation  life  can  be  used  to  check  the 
capability  of  the  models.  The  pseudo  crack  initiation  can  be  defined  as  the  fatigue  life 
corresponding  to  a  small  crack  length.  In  the  current  study,  a  crack  length  of  0.5  mm  from  the 
notch  root  is  chosen  as  the  “pseudo  crack  initiation”.  A  crack  length  of  1 0  mm  measured  from 
the  line  of  action  of  the  externally  applied  load  is  used  for  fatigue  failure.  In  other  words,  two 
fatigue  lives  with  an  order  of  difference  in  the  crack  length  are  used  to  check  the  capability  of  the 
models  in  predicting  the  fatigue  life. 


Fig. 97  Comparison  of  experimental  fatigue  life  with  prediction 

Figure  97  shows  the  comparison  of  the  predicted  fatigue  lives  and  the  experimentally 
measured  fatigue  lives  when  the  crack  lengths  are  0.5  mm  (A^)  and  10  mm  (Nwo).  The 
vertical  axis  is  for  the  observed  fatigue  life  and  the  horizontal  axis  is  for  the  predicted  fatigue  life. 
The  logarithmic  scales  are  used  for  both  axes.  The  open  circles  are  for  the  “pseudo  crack 
initiation”  (when  the  crack  length  from  the  notch  root  is  0.5mm)  and  the  solid  markers  are  the 
“fatigue  failure”  lives  corresponding  to  a  crack  length  of  10  mm  from  the  line  of  action  of  the 
externally  applied  force.  The  thick  solid  diagonal  line  signifies  a  perfect  prediction  and  the  two 
dashed  lines  are  the  factor-of-two  boundaries.  Almost  all  the  results  are  within  the  factor-of-two 
boundaries,  signifying  a  very  reasonable  prediction. 

While  the  overall  predictions  of  the  crack  “initiation”  and  crack  growth  are  in  general  and 
reasonable  agreement  with  the  experimental  observations,  the  predicted  results  arc  not  as 
satisfactory  as  those  using  1070  steel  [74.  83].  The  major  reason  is  the  less  accurate  description 
of  the  cyclic  plastic  deformation  of  the  SS304L  than  that  for  1070  steel.  1070  steel  displays  very 
stable  stress-strain  response  with  practically  no  cyclic  hardening/softening  or  non-proportional 
hardening.  The  material  under  consideration  exhibits  significant  non-proportional  hardening  and 
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cyclic  hardening/softening.  The  simple  version  of  the  cyclic  plasticity  model  listed  in  Table  28 
does  not  consider  cyclic  hardening/softening  or  the  non-proportional  hardening. 

It  is  found  that  while  the  material  displays  significant  non-proportional  hardening  and  the 
stress  state  is  multiaxial  in  the  material  near  the  crack  tip,  the  loading  is  practically  proportional 
for  Mode  I  crack  growth.  Figure  98  shows  the  response  of  the  two  normal  stresses  at  the  Gauss 
point  closest  to  the  crack  tip  for  a  loading  cycle.  The  loading  condition  is  /?  =  0.1  and 
AT/2  =  2.7  kN.  For  the  plane-stress  condition,  the  material  point  under  consideration  has  a 
minimal  shear  stress.  It  can  be  seen  in  Fig.98  that  the  two  normal  stress  components  are 
practically  proportional.  It  is  further  confirmed  that  for  Mode  I  loading  the  results  obtained  from 
considering  the  nonproportional  hardening  are  practically  the  same  as  those  without  considering 
the  nonproportional  hardening  in  the  finite  element  analysis. 
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Fig.98  Stress  state  in  the  material  near  the  crack  tip 


The  exclusion  of  the  cyclic  hardening/softening  in  the  constitutive  modeling  of  the  cyclic 
plastic  deformation  of  stainless  steel  304L  contributes  to  the  discrepancy  between  the 
experimentally  observed  fatigue  behavior  and  the  predictions  for  the  notched  member  under 
consideration.  From  Fig.  23  (Section  I)  it  can  be  seen,  that  the  material  experiences  a  period  of 
cyclic  softening  followed  by  cyclic  hardening.  In  other  words,  the  stress  response  of  the 
stainless  steel  304L  never  becomes  stabilized.  Cyclic  hardening/softening  is  very  difficult  to 
model  accurately.  In  the  deformation  analysis  particularly  with  the  FE  analysis,  the  transient 
cyclic  hardening/softening  is  always  ignored. 

Another  difference  between  the  real  cyclic  plastic  deformation  and  the  model  simulation  is 
the  ignorance  of  the  non-Masing  or  strain-range  effect  on  the  cyclic  plasticity  in  the  constitutive 
model.  Most  engineering  materials  display  non-Masing  behavior,  while  the  constitutive  model 
listed  in  Table  28  is  based  on  Masing  behavior.  The  stress-plastic  strain  hysteresis  loops  shown 
in  Fig.99  were  obtained  from  the  strain-controlled  constant  amplitude  loading  experiments  using 
dog-bone  shaped  smooth  cylindrical  specimens.  The  stress-plastic  strain  loops  shown  in  Fig.  99 
were  taken  at  the  number  of  cycles  corresponding  to  half  of  the  fatigue  life  of  the  specimen.  The 
loops  were  tied  together  at  the  lower  tips.  If  the  material  displays  Masing  behavior,  all  the  upper 
braches  of  the  hysteresis  loops  shown  in  Fig.99  should  coincide.  It  is  evident  from  Fig.  99  that 
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stainless  steel  304L  displays  non-Masing  behavior  or  strain  range  effect  particularly  when  the 
loading  amplitude  is  large. 

It  is  possible  to  include  the  non-Masing  behavior,  nonproportional  hardening,  and  cyclic 
hardening/softening  in  the  constitutive  relations  for  cyclic  plasticity.  The  inclusion  of  all  these 
considerations  results  in  a  very  complicated  constitutive  model.  It  is  also  required  to  implement 
the  model  into  an  FE  software  package  such  as  the  UMAT  in  ABAQUS.  Furthermore,  the 
consideration  of  all  the  cyclic  plasticity  behavior  will  slow  down  the  already  slow  elastic-plastic 
FE  stress  analysis  of  a  real  component.  Further  work  is  needed  to  properly  consider  the  material 
deformation  in  the  numerical  stress  analysis. 
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Fig. 99  Stabilized  stress-plastic  strain  hysteresis  loops  with  the  lower  tips  tied  together 

The  approach  by  using  the  multiaxial  fatigue  criterion.  Eq.(10),  does  not  need  to  define  a 
loading  cycle.  However,  for  all  the  experiments  that  were  used,  a  loading  cycle  can  be  easily 
defined.  The  only  purpose  to  use  the  loading  cycle  as  a  unit  in  fatigue  damage  accumulation  was 
to  facilitate  the  presentation  of  the  results. 

When  a  cracked  component  is  subjected  to  external  loading,  the  material  near  the  crack  tip 
always  experiences  elastic-plastic  deformation  and  both  the  stresses  and  the  strains  at  the  crack 
tip  are  theoretically  infinite  if  the  material  displays  strain  hardening.  Since  a  cracked  component 
can  withstand  a  certain  external  load,  the  theoretical  singular  problem  is  caused  by  the  basic 
assumption  of  a  continuum  for  a  material.  The  real  stresses  and  strains  in  a  cracked  component 
should  be  finite  when  the  external  load  is  below  a  certain  level.  The  FE  methods  average  out  the 
stress  and  strain  in  the  highly  gradient  area  and  it  may  provide  reasonable  and  realistic  results  to 
serve  a  given  purpose.  It  is  found  that  the  considerations  of  the  nonlinear  material  deformation 
and  the  nonlinear  geometry  near  the  crack  tip  do  not  considerably  influence  the  stress-strain 
results  near  the  crack  tip  for  the  crack  growth  rate  below  the  unstable  crack  growth  region. 
However,  the  stress  and  strain  results  near  the  crack  tip  obtained  from  the  elastic-plastic  FE 
stress  analysis  of  a  cracked  component  is  sensitive  to  the  FE  size  near  the  crack  tip.  When  the 
mesh  size  is  extremely  small  for  the  material  near  the  crack  tip,  the  stresses  and  strains  at  the 
crack  tip  obtained  from  the  FE  analysis  will  be  unrealistically  high,  which  will  result  in  a  very 
high  predicted  crack  growth  rate.  The  FE  size  near  the  crack  tip  is  a  “model”  constant.  A 
preliminary  study  [74]  reveals  that  an  appropriate  element  size  is  in  the  order  of  one  to  three 
times  the  average  grain  size  of  the  polycrystalline  material.  Within  such  an  element  size  range, 
the  fatigue  results  obtained  from  using  the  approach  are  not  very  sensitive  to  the  element  size 
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used  near  the  crack  tip.  For  the  stainless  steel  304L  under  investigation,  the  average  grain  size  is 
approximately  20  p.  In  the  current  FE  simulations,  the  smallest  element  size  near  the  crack  tip 
was  50  p.  Further  investigations  are  needed  to  explore  the  influence  of  the  element  size  and  the 
element  type  on  the  simulation  results  for  the  stresses  and  strains  near  the  crack  tip. 

The  approach  combining  cyclic  plasticity  modeling  with  multiaxial  fatigue  criterion  was  also 
applied  to  simulate  crack  growth  results  under  constant  amplitude  loading  for  AL6-XN  stainless 
steel.  Tables  31  and  32  list  the  material  constants  used  in  cyclic  plasticity  model  and  fatigue 
material  constants  for  fatigue  criterion.  Figure  100  gives  the  comparison  of  the  predictions 
obtained  by  using  the  new  approach  and  the  experimental  results  of  selected  specimens  under 
constant  amplitude  loading  with  different  R  -ratios.  The  approach  can  predict  R  -ratio  effect  and 
the  obvious  short  crack  behavior  for  the  case  of  R  =  -1 . 

Table  31  Constants  used  in  the  cyclic  plasticity  model.  Material:  AL6-XN 

£  =  195  GPa.  //  =  0.3,  k  =  1 44.3475  MPa 

c(1)  =  252.0,  c(2)  =  55.0,  c(3)  =15.5,  c(4)  =7.7,  c(5)  =4.08 

ym  =  lOO.OMPa,  y{7)  =  80.0MPa,  y0)  =  57.0MPa,  y{4)  =  36.0MPa,  y(5)  =  200.0MPa 

=  Zm  =  -  z<4‘-  *'”=  8.0 


Table  32  Fatigue  model  constants.  Material:  AL6-XN 

<r0  =260  MPa;  m  -  0.5;  b  -  0.5;  cr^  =  1133  MPa;  D0  =  20000  MJ/nv 


Fig. 100 
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Prediction  of  R  -ratio  effect  in  AL6-XN  alloy  based  on  the  new  approach 
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DISCUSSION 


The  present  report  summarizes  the  results  of  an  extensive  experimental  investigation  of 
fatigue  properties  of  four  different  materials  together  with  modeling  work.  The  materials  under 
investigation  are:  7075-T651  aluminum  alloy,  two  types  of  stainless  steel  (AL6-XN  and  304L), 
and  4340  VM  aerospace  steel.  The  results  reported  here  allow  to  draw  a  comparison  among  the 
fatigue  behavior  features  of  these  metallic  alloys.  Among  four  of  alloys  investigated,  only  one 
material,  4340VM,  displays  consistent  shear  cracking  behavior  regardless  of  the  loading 
amplitude.  For  the  other  three  alloys,  a  transition  in  cracking  modes  was  observed.  7075-T651 
aluminum  alloy  displays  shear  cracking,  mixed  cracking,  and  tensile  cracking,  depending  on  the 
loading  magnitude.  Earlier  investigations  indicate  that  many  materials  are  dominated  by  mixed 
cracking  behavior  [53,  59]  and  few  exhibit  primarily  tensile  cracking  [10].  One  characteristic  of 
the  fatigue  behavior  of  7075-T651  is  the  distinct  kink  observed  in  the  shear  strain  versus  fatigue 
life  curve  that  is  accompanied  by  the  change  of  cracking  behavior.  Such  a  behavior  in  pure 
torsion  fatigue  loading  has  never  been  documented  for  an  aluminum  alloy,  to  the  best  of  the 
author’s  knowledge.  A  similar  kink  was  observed  in  strain-life  curve  of  an  induction  hardened 
steel  where  the  gradient  material  properties  resulted  in  subsurface  cracking  [84], 

Two  alloys  similar  in  primary  austenitic  phase  structure  were  investigated  for  fatigue  and 
crack  propagation  properties.  One  is  the  traditionally  used  austenitic  steel  AISI  304L.  The  other 
is  a  relatively  new  stainless  steel  AL6-XN  developed  by  Allegheny  Ludlum  Corporation.  The 
primary  goal  of  development  of  the  latter  alloy  was  increase  in  corrosion  resistance  as  compared 
to  the  traditional  300-series  steels,  which  was  achieved  by  addition  of  higher  Nickel  content, 
lowering  the  Carbon  content  and  introducing  Nitrogen  to  the  alloy.  The  major  application  of  the 
AL6-XN  material  was  considered  in  off-shore  platforms,  however  since  its  introduction  to  the 
industry  it  has  been  used  in  variety  of  applications  requiring  high  corrosion  resistance,  from 
pharmaceutical  equipment  to  cooling  systems  of  nuclear  reactors.  Significant  amount  of 
research  has  been  done  on  corrosion  and  stress  corrosion  properties  of  AL6-XN  stainless  steel 
and  it  is  well  accepted  now  that  the  material  has  superior  resistance  to  corrosion,  chloride  pitting 
and  stress  corrosion.  At  the  same  time,  the  research  on  fatigue  properties  of  this  alloy  has  not 
been  completely  developed.  Overall,  the  cyclic  response  of  the  two  materials  under  axial 
tension-compression  loading  is  different.  The  resulting  stresses  in  AISI  304L  material  are  higher 
than  the  cyclic  stresses  in  AL6-XN.  This  is  illustrated  in  Fig.  101  (a)  where  two  representative 
hysteresis  loops  from  low  cycle  fatigue  regime  are  shown.  The  differences  in  cyclic  behavior  in 
tension-compression  are  also  evident  from  comparison  of  the  corresponding  cyclic  stress-plastic 
strain  curves  (CSSC)  (Fig.  101(b)).  It  can  be  seen  that  the  CSSC  for  AL6-XN  material  shows  a 
clear  plateau  regime  in  which  the  stress  amplitude  remains  almost  constant  within  a  wide  range 
of  plastic  strain  amplitudes.  In  case  of  AISI  304L,  similar  to  other  stainless  steels  [85],  such  a 
plateau  is  rather  hard  to  define.  It  can  be  also  noticed  that  the  two  curves  intersect  each  other  at 
approximately  Aep /2  =  3 x  10‘4  and  when  the  plastic  strain  amplitude  is  below  this  value,  the 
corresponding  stresses  of  AL6-XN  alloy  are  higher  the  the  stress  amplitudes  in  304L  material. 
This  observation  can  serve  as  an  additional  explanation  of  the  strain-life  behavior  of  two 
materials  shown  in  Fig.  101. 
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Fig. 101  Comparison  of  cyclic  behavior  of  the  two  stainless  steels,  a)  stress-strain 
hysteresis  loops;  b)  cyclic  stress-plastic  strain  curves  under  tension-compression 


Both  the  AL6-XN  and  AISI  304L  stainless  steels  display  a  dependence  of  the  cracking 
behavior  on  the  loading  amplitude.  In  case  of  AL6-XN  alloy,  the  material  displays  tensile 

cracking  when  the  equivalent  plastic  strain  amplitude  is  less  than  3.7x10  1  or  the  equivalent 
stress  amplitude  is  less  than  360  MPa.  The  material  exhibits  mixed  cracking  when  the  equivalent 

plastic  strain  amplitude  is  higher  than  3.7  xlO  .  In  AISI  304L  such  a  demarcation  line  between 
mixed  and  tensile  cracking  modes  corresponds  to  equivalent  plastic  strain  amplitude  of  2.5  x  10 
and  equivalent  stress  amplitude  equal  to  370  MPa. 

The  AL6-XN  alloy  under  pure  torsion  displays  an  “abnormal”  phenomenon.  The  shear 
strain-life  curve  shown  in  Fig.4 1  consists  of  two  distinct  regimes  associated  with  different 
cracking  behavior.  More  importantly,  these  two  regimes  are  separated  by  a  transitional  plateau 
in  the  S-N  curve  characterized  with  a  shear  strain  amplitude  of  approximately  Ay  /  2  =  1 .04% . 
Within  the  plateau  in  the  shear  strain-life  curve,  the  fatigue  life  can  differ  by  a  factor  of  three. 
To  the  best  of  the  authors’  knowledge,  there  has  been  no  previous  report  of  the  phenomenon 
similar  to  the  plateau  in  the  S-N  curve  on  a  polycrystalline  metallic  material.  An  observation  on 
the  shear  stress-strain  hysteresis  loops  reveals  no  difference  between  the  two  specimens  at  the 
two  ends  of  the  plateau.  In  other  words,  for  the  same  plastic  strain  energy  and  macroscopic 
stress-strain  response,  the  fatigue  life  can  be  significantly  different.  Such  a  feature  obviously 
requires  a  further  investigation.  The  phenomenon  could  be  related  to  the  details  in  the 
distribution  of  the  deformation  bands  and  the  inclusions  at  the  microscopic  level. 

Many  multiaxial  fatigue  criteria  have  been  proposed  by  researchers  over  the  years.  T  he  most 
widely  accepted  are  the  Smith- Watson-Topper  (SWT)  and  the  Fatemi-Socie-Kurath  (FSK) 
multiaxial  fatigue  parameters.  The  general  concept  of  a  critical  plane  approach  is  the 
consistency  of  the  fatigue  damage  with  the  observed  dependence  of  the  cracking  behavior  on  the 
stress  and  the  loading  path.  Accordingly,  a  critical  plane  approach  not  only  predicts  fatigue  life 
but  also  the  material  plane  where  the  fatigue  crack  is  formed.  Generally,  the  critical  plane 
approaches  were  developed  for  materials  displaying  either  shear  or  tensile  cracking.  The  FSK 
criterion  is  designed  for  shear  cracking  and  the  SWT  parameter  is  for  a  material  displaying 
tensile  cracking.  If  critical  plane  orientation  within  the  FSK  model  is  defined  as  a  plane  of 
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maximum  fatigue  parameter,  a  theoretical  possibility  of  predicting  tensile  cracking  exists.  By 
increasing  the  value  of  constant  K  in  Eq.(9)  the  orientation  of  critical  plane  deviates  from 
maximum  shear  orientation  (Fig.74)  and  generally  speaking,  for  sufficiently  large  K  a  tensile 
orientation  of  crack  can  be  predicted.  Such  situation  however  would  lead  to  absolutely 
unreasonable  prediction  of  fatigue  life,  since  the  value  of  constant  K  is  determined  from  the 
baseline  fatigue  data.  In  other  words,  the  FSK  criterion  was  developed  targeting  the  materials 
which  display  shear  cracking  and  the  constant  K  is  used  to  correlate  the  fatigue  life  data  of  those 
materials. 

It  has  been  widely  accepted  that  the  SWT  criterion  particularly  works  well  for  the  aluminum 
alloys.  The  current  investigation  on  7075-T651  aluminum  alloy  suggests  that  the  SWT  criterion 
can  predict  fatigue  life  reasonably  well  for  most  of  the  fatigue  experiments  conducted  in  the 
current  study.  It  confirms  an  early  conclusion  that  the  criterion  cannot  correctly  predict  the 
results  of  tension-compression  experiments  with  the  maximum  stress  being  very  low.  It  is 
obvious  that  the  criterion  does  not  predict  fatigue  failure  under  compression-compression 
loading.  Finally,  the  SWT  criterion  fails  to  predict  correct  cracking  orientations  of  most 
specimens  tested  in  present  investigation. 

A  significant  improvement  is  achieved  with  the  modified  SWT  criterion  in  terms  of  life 
prediction  and  prediction  of  cracking  direction.  The  results  shown  in  Fig.  69  indicate  that  the 
modified  SWT  criterion  can  consider  the  mean  stress  effect  fairly  well  for  all  of  the  experiments 
conducted  in  the  current  investigation.  Since  the  selection  of  material  constants  in  Eq.(8)  has 
incorporated  the  dependence  of  the  observed  cracking  behavior  on  the  loading  magnitude,  the 
modified  SWT  criterion  correlates  very  well  the  fully  reversed  tension-compression  and  pure 
shear  experiments  in  terms  of  orientation  of  fatigue  cracks.  For  the  tubular  specimens  subjected 
to  the  combined  axial-torsion  loading,  the  predictions  of  fatigue  life  and  cracking  direction  have 
also  been  improved  by  using  the  modified  SWT  fatigue  criterion.  The  modified  SWT  criterion, 
Eq.(8),  integrates  both  the  normal  components  and  the  shear  components  of  the  stress  and  strain 
on  a  material  plane.  The  two  terms  are  combined  using  a  material  constant  b  which  ranges  from 
0.0  to  1.0.  When  b  equals  1,  the  criterion  is  identical  to  the  SWT  criterion.  When  b  -  0,  the 
criterion  is  for  a  material  that  the  normal  stress  and  strain  components  do  not  contribute  to 
fatigue  damage  on  a  material  plane.  Since  the  criterion  is  an  extension  of  the  SWT  fatigue 
parameter,  the  good  consideration  of  the  mean  stress  effect  is  inherited.  One  of  the  advantages 
of  using  the  SWT  criterion  is  that  the  baseline  can  be  fully  determined  from  the  fully  reversed 
tension-compression  fatigue  experiments.  This  is  because  the  SWT  criterion  contains  no 
material  constants.  Clearly,  the  introduction  of  the  material  constant,  b ,  in  Eq.(4),  will  require 
more  fatigue  experiments  in  order  to  determine  it.  However,  this  material  constant  is  necessary 
to  consider  the  varying  cracking  behavior  of  the  material  w  ith  the  loading  magnitude. 

Although  the  modified  SWT  criterion  can  predict  fatigue  failure  under  the  compression- 
compression  loading,  it  should  be  noted  that  the  criterion  is  not  able  to  properly  predict  the 
cracking  direction  under  compression-compression.  The  cracking  surface  in  the  compression- 
compression  specimen  was  found  to  be  perpendicular  to  the  loading  axis  while  the  predicted 
cracking  surface  has  its  normal  being  ±  45°  to  the  loading  axis. 

Jiang  [59]  developed  a  critical  plane  multiaxial  fatigue  criterion  that  incorporates  both  the 
shear  and  normal  stress  and  strain  components  on  a  material  plane.  The  criterion  is  based  upon 
the  plastic  deformation  and  is  in  an  incremental  form.  Comparing  the  modified  SWT  criterion, 
Eq.  (8),  with  the  multiaxial  fatigue  criterion  developed  by  Jiang  [59],  it  can  be  found  that  both 
models  consider  the  mean  stress  effect  and  can  be  used  for  materials  displaying  different 
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cracking  behavior.  An  obvious  advantage  of  the  incremental  fatigue  criterion  by  Jiang  [59]  is  the 
elimination  of  a  cycle-counting  method  for  any  general  loading  histories.  On  the  other  hand, 
cyclic  plasticity  is  necessary  for  fatigue  to  occur  in  the  incremental  fatigue  criterion.  Therefore, 
the  incremental  fatigue  criterion  is  difficult  to  use  for  a  material  that  displays  very  small  or 
minimal  cyclic  plasticity  in  the  high  cycle  fatigue  regime.  An  advantage  of  the  fatigue  parameter 
of  Eq.  (8)  is  that  it  can  be  applied  for  a  material  that  does  not  have  significant  cyclic  plasticity. 
However,  the  SWT  criterion  and  its  modification  use  stress/strain  quantities  such  as  strain 
amplitude  and  maximum  stress  that  are  based  on  the  definition  of  a  loading  cycle  or  reversal.  As 
a  result,  a  cycle-counting  method  is  needed  to  assess  fatigue  damage  under  variable  amplitude 
loading  conditions.  Currently,  the  only  accepted  cycle-counting  method  that  is  designed  to  find 
the  closed  stress-strain  hysteresis  loops  in  a  loading  history.  For  uniaxial  loading,  the  use  of  the 
rain-flow  method  to  identify  a  cycle  or  reversal  is  straightforward.  However,  when  the  rain-flow 
counting  method  is  used  for  nonproportional  multiaxial  loading,  difficulties  arise  because  the 
stress  and  strain  quantities  on  a  material  plane  may  not  form  consistent  stress-strain  hysteresis 
loops  for  normal  and  shear  components.  On  a  given  material  plane  or  direction,  both  the 
magnitude  and  direction  of  the  shear  components  may  vary  w  ith  time. 

As  far  as  modeling  of  the  fatigue  behavior  of  AL6-XN  stainless  steel  is  concerned,  its  fatigue 
properties  under  torsion  and  the  dependence  of  the  cracking  behavior  on  the  loading  amplitude 
result  in  a  difficulty  for  the  multiaxial  fatigue  criteria  to  model.  When  dealing  with  baseline 
correlation  based  on  the  SWT  and  FSK  models,  the  choice  of  which  part  of  the  shear  S-N  curve 
to  use  for  baseline  fit  can  yield  different  predictions.  The  part  corresponding  to  mixed  cracking 
(above  the  plateau  in  Fig.40)  lies  close  to  the  S-N  curve  under  tension-compression  and  when 
this  part  is  used  as  a  baseline  fit,  the  close  fatigue  life  predictions  are  made  only  for  the  lower 
cycle  fatigue  regime.  At  the  same  time,  taking  the  part  corresponding  to  tensile  cracking  as  a 
baseline  would  give  close  predictions  for  higher  cycle  fatigue  data.  As  an  attempt  to  give  a 
prediction  for  the  whole  spectrum  of  fatigue  data,  an  average  fit  was  adopted  (Fig.73). 

In  terms  of  the  fatigue  life  predictions,  the  FSK  criterion  appears  to  provide  a  slightly  better 
prediction  for  the  AL6-XN  steel  within  the  loading  cases  investigated.  The  Jiang  model  provides 
a  least  satisfactory  fatigue  life  prediction  for  the  loading  cases  investigated.  In  terms  of  cracking 
direction  prediction,  the  Jiang  criterion  does  the  best  among  the  three  criteria  evaluated.  This  is 
because  the  Jiang  criterion  is  designed  for  considering  different  cracking  behavior  using  a 
material  constant  while  the  other  two  criteria  are  either  for  tensile  cracking  or  shear  cracking. 
Since  the  cracking  behavior  of  material  under  investigation  depends  on  the  loading  magnitude, 
the  parameter  b  is  represented  as  a  function  of  a  memory  stress  (Eq.(13))  that  reflects  the 
loading  amplitude.  With  such  a  formulation,  the  model  predicts  the  orientation  of  fatigue  cracks 
with  good  accuracy  which  can  be  seen  from  the  examples  of  fatigue  cracks  in  Figs.  76,  77. 

When  discussing  the  fatigue  initiation  cracking  direction,  there  exist  different  opinions  with 
regard  to  the  definition  of  the  experimentally  observed  cracking  direction  due  to  the  inherent 
roughness  of  the  crack  surface.  The  current  investigation  adopts  a  macroscopic  crack  definition 
with  the  crack  length  being  in  the  millimeter  scale.  This  is  because  the  stress  and  strain  used  in 
most  fatigue  criteria  are  based  upon  the  traditional  continuum  mechanics  concepts.  A 
polycrystalline  material  consists  of  grains  that  are  oriented  in  different  directions.  An  implicit 
assumption  in  macroscopic  continuum  mechanics  is  that  a  material  point  is  small  enough  so  that 
it  can  be  treated  as  a  mathematical  point  but  it  is  large  enough  to  contain  at  least  several  grains  so 
that  the  material  can  be  treated  as  homogeneous.  In  other  words,  the  stress  and  strain  are  defined 
in  a  macroscopic  level.  Considering  the  general  range  of  the  grain  size  of  a  metallic 
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polycrystalline  material,  the  size  of  the  basic  material  “element' ’  should  be  in  the  millimeter  scale 
rather  than  the  micrometer  scale.  As  a  result,  discussions  on  cracking  behavior  in  the  current 
report  are  limited  to  the  visible  and  macroscopic  cracks. 

While  uniaxial  and  pure  shear  fatigue  experiments  are  often  used  to  provide  the  baseline 
fatigue  data  for  a  material,  the  two  basic  loading  modes  also  provide  the  basic  cracking  behavior. 
The  cracking  behavior  of  a  material  can  be  classified  according  to  the  observations  of  the 
specimens  under  fully  reversed  tension-compression  and  pure  shear  loading.  The  transition  of 
cracking  behavior  from  one  type  to  another  due  to  the  change  of  loading  magnitude  has  been 
well  recognized.  However,  the  cracking  behavior  under  the  two  basic  loading  modes  has  not 
been  well  considered  in  the  development  of  the  critical  plane  multiaxial  fatigue  models.  In  fact, 
the  cracking  behavior  observed  on  the  two  basic  loading  modes  can  serve  as  the  critical 
observations  to  evaluate  a  critical  plane  approach.  If  a  critical  plane  approach  is  not  able  to 
mimic  the  cracking  behavior  observed  under  fully  reversed  tension-compression  and  pure  shear, 
its  capability  to  predict  cracking  behavior  under  more  general  stress  states  is  naturally  in  doubt. 
The  rich  cracking  behavior  observed  on  the  7075-T651  aluminum  alloy  and  AL6-XN  stainless 
steel  can  serve  as  benchmark  experiments  that  can  be  used  to  critically  evaluate  a  critical  plane 
approach. 

The  crack  growth  experiments  conducted  under  constant-amplitude  loading  confirm  the 
sensitivity  of  the  crack  growth  of  all  of  the  alloys  under  investigation  to  the  /?-ratio  in  ambient  air. 
The  curves  of  the  crack  growth  rate  under  different  /^-ratios  appear  parallel  in  the  traditional  log- 
log  da/ dN  -  AX coordinates  system  and  tend  to  merge  at  very  high  /^-ratios.  The  /?-ratio  effect 
in  4340  VM  steel  is  more  pronounced  in  the  near-threshold  crack  growth  than  in  the  stable  crack 
growth  stage,  which  produces  a  fan-shaped  crack  propagation  rate  curves  for  this  material 
(Fig.60).  It  was  pointed  out  [67]  that  the  crack  growth  was  the  result  of  the  action  of  both  A K 
and  Xmax  parameters.  Under  low  values  of  /^-ratios,  the  crack  was  driven  mainly  by  Xmax  while 
A K  plays  more  important  role  as  a  driving  force  under  high  values  of  /^-ratios.  The  two  driving 
forces,  A K  and  Xmax  ,  responsible  for  fatigue  crack  propagation  are  incorporated  into 

Kujawski’s  parameter.  This  parameter  is  capable  of  correlating  well  the  crack  growth  curves  for 
different  R- ratios  (Figs.80,  81,  and  84)  with  especially  good  correlation  produced  for  AL6-XN 
steel. 

Most  of  metallic  materials  display  crack  growth  retardation  due  to  application  of  tensile 
overload.  The  severity  of  the  retardation  depends  on  the  material  and  on  the  magnitude  of 
overloading.  At  the  same  time,  effect  of  underloading  (application  of  compressive  overload)  is 
either  negligible  (7075-T651,  AL6-XN)  or  produces  a  short  period  of  crack  growth  acceleration 
(AISI  304L).  While  the  major  manifestation  of  overload  effect  lies  in  deceleration  of  crack 
propagation,  the  details  of  crack  growth  behavior  in  post-overloading  zone  are  different  for  the 
materials  investigated  in  the  present  study.  Recovery  of  crack  growth  rate  after  overloading 
occurs  rather  quickly  in  7075-T651  aluminum  alloy.  At  the  same  time,  the  overload  effect  is 
more  prolonged  in  case  of  AL6-XN  and  304L  stainless  steels.  Additionally,  the  immediate 
response  to  tensile  overload  in  304L  stainless  steel  and  in  4340VM  alloy  displays  a  short  period 
of  acceleration  of  the  crack  growth.  Such  acceleration  is  especially  pronounced  in  4340VM 
aerospace  steel  (Fig.62). 

Behavior  under  high-low  loading  sequence  was  found  to  be  similar  for  the  materials  under 
investigation.  When  tested  under  conditions  with  the  same  /?-ratio  in  both  high  and  low  loading 
steps,  crack  growth  retardation  similar  to  the  overload  effect  can  be  observed  in  the  low 
amplitude  loading  part  of  the  experiment.  The  same  behavior  is  observed  when  the  same 
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minimum  load  is  applied  throughout  the  experiment  (Figs  19,  32(b.c),  50(b,c),  and  62(b,c)). 
However,  reduction  in  loading  amplitude  has  no  effect  on  crack  growth  when  the  value  of  the 
maximum  load  in  a  loading  cycle  is  kept  constant  in  both  parts  of  the  experiment  (Figs  32(a), 
50(a)  and  62(a)). 

The  Wheeler's  model  [70]  is  often  used  to  describe  the  overload  effect  on  crack  growth.  The 
current  study  shows  that  the  Wheeler  model  can  describe  the  overall  crack  growth  retardation 
reasonably  well  after  the  application  of  an  overload.  However,  the  model  misses  the  detailed 
crack  growth  upon  an  overload  (Fig. 79).  The  model  cannot  capture  the  gradual  decrease  in  the 
crack  growth  rate  right  after  the  application  of  the  overload  for  304L  and  AL6-XN  materials. 
There  is  a  tradeoff  between  a  proper  modeling  of  the  lowest  crack  growth  rate  and  the  crack 
growth  in  the  overload  plastic  influencing  zone.  More  importantly,  the  model  assumes  that  the 
plastic  zone  size  right  before  overloading  is  identical  to  that  right  after  the  application  of  the 
overload.  This  is  inconsistent  with  the  results  from  the  finite  element  analysis  of  the  plastic 
zones  near  the  crack  tip  due  to  overloading  [74],  In  fact,  the  plastic  zone  size  ahead  of  a  crack 
tip  is  significantly  reduced  by  the  overload. 

Modifications  of  Wheeler's  model  were  introduced  targeting  the  fatigue  crack  growth 
behavior  in  post-overloading  zone  of  different  materials  under  investigation.  By  modify  ing  the 
size  of  the  plastic  zone  after  application  of  overload  (Eqs(23,  30))  closer  predictions  can  be  made 
for  AL6-XN  and  7075-T651  alloys  (Figs.  17,  19,  86  and  87).  In  order  to  consider  the  short 
period  of  crack  growth  acceleration  in  AISI  304L  stainless  steel,  the  modified  Wheeler’s  model 
introduced  by  Yuen  and  Taheri  [51]  was  used.  By  introducing  a  delay  retardation  parameter  in 
Wheeler's  model  (Eq.  (27)),  the  gradual  deceleration  of  the  crack  growth  to  the  minimum  value 
in  the  post-overload  zone  can  be  described.  In  addition,  the  A KMC  (Eq.(28))  parameter 

represents  the  change  of  stress  intensity  factor  range  from  its  value  during  the  overload  to  the 
value  corresponding  to  the  minimum  on  the  crack  growth  curve.  The  parameter  enables  the 
model  to  predict  the  acceleration  of  crack  growth  after  overloading.  It  should  be  mentioned  that 
the  model  used  in  the  present  paper  was  adopted  from  [51]  with  some  modifications.  In  the 
description  of  the  model  [51],  the  size  of  the  plastic  zone  is  determined  as, 


(37) 


where  A'(  is  the  stress  intensity  factor  corresponding  to  crack  length  at .  The  constant  A.p  is 
determined  based  on  Wheeler's  approach  from  the  following  equation. 


(38) 


where  a  f  is  the  crack  length  at  which  the  crack  growth  rate  returns  to  the  stable  growth  regime, 
and  K f  is  the  stress  intensity  factor  corresponding  to  .  Similar  to  Eq.  (37),  the  delay 
retardation  zone  is  determined  by. 


(39) 
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and  the  constant  AD  is  found  from  the  relation  similar  to  Eq.(38)  but  based  on  the  delay 
retardation  zone  parameters  with  the  following  form. 
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where  aDj  is  the  final  crack  length  at  the  end  of  delay  retardation  zone  and  KDf  is  the  stress 

intensity  factor  corresponding  to  aDj.  In  such  a  formulation,  the  parameters  a  f  and  aLy  are 

needed  to  be  known  from  the  crack  growth  curve  in  order  to  establish  the  plastic  zone  size 
following  Eqs.  (37)  and  (38),  which  practically  reduces  the  concept  of  modeling  to  curve  fitting 
of  experimental  data.  In  other  words,  the  experimentally  obtained  crack  growth  curve  is  needed 
in  order  to  model  the  same  crack  growth  curve. 

The  current  work  adopts  Irwin’s  formulation  for  the  size  of  the  plastic  zone  (Eq.19)  and  sets 
the  relation  rnoi  =4'rpOi  'with  £  being  a  fitting  constant.  Furthermore,  for  the  /-th  loading 

cycle,  rDi  =  rpi .  With  such  a  modification  in  the  formulation,  a  total  of  three  constants  arc 

needed  in  the  model  to  predict  the  post-overload  crack  growth  behavior.  These  constants  can  be 
obtained  by  fitting  the  experimental  data  of  one  overloading  experiment.  The  same  values  of 
constants  were  used  in  crack  growth  predictions  for  all  the  other  specimens  subjected  to 
overloading  and  high-low  loading  histories.  The  predictions  shown  in  Figs. 63  and  64  suggest 
that  the  model  works  rather  well  and  it  captures  the  major  trends  of  the  post-overload  crack 
growth  behavior.  It  should  be  noted  that,  similar  to  Wheeler’s  model,  the  approach  described 
above  targets  the  crack  growth  deceleration  after  tensile  overload.  Neither  Wheeler’s  model  nor 
the  modification  discussed  in  the  current  investigation  can  capture  the  crack  growth  rate  increase 
observed  after  the  application  of  a  compressive  underload. 

Modifications  to  Wheeler’s  model  proposed  in  the  current  investigation  can  predict  the 
tendency  of  crack  growth  rate  in  the  post-overload  zone  rather  well.  However  the  form  of  the 
model  itself  suggests  its  empirical  nature  based  on  the  stress  intensity  factor  concept.  The 
exponents  in  the  model  bear  little  or  no  physical  significance  and  are  determined  based  on  the 
“best  fit”  approach.  It  is  difficult  for  such  a  concept  to  consider  the  physical  mechanisms 
governing  the  local  plastic  deformation  and  fracture  at  the  crack  tip  which  is  crucial  for  accurate 
description  of  the  process  of  fatigue  crack  growth. 

As  a  part  of  the  current  work,  an  effort  is  made  to  develop  a  unified  physically  based 
approach,  which  incorporates  cyclic  plasticity  and  accumulation  of  fatigue  damage.  The 
approach  consists  of  two  steps:  (1)  elastic-plastic  finite  element  (FE)  analysis  of  the  component; 
(2)  the  application  of  a  multiaxial  fatigue  criterion  for  the  crack  initiation  and  growth  predictions 
based  on  the  outputted  stress-strain  response  from  the  FE  analysis.  The  FE  analysis  is 
characterized  by  the  implementation  of  an  advanced  cyclic  plasticity  theory  that  captures  the 
important  cyclic  plasticity  behavior  of  the  material  under  the  general  loading  conditions.  The 
fatigue  approach  is  based  upon  the  notion  that  a  material  point  fails  when  the  accumulated 
fatigue  damage  reaches  a  certain  value  and  the  rule  is  applicable  for  both  crack  initiation  and 
growth.  As  a  result,  one  set  of  material  constants  is  used  for  both  crack  initiation  and  growth 
predictions.  All  the  material  constants  are  generated  by  testing  smooth  specimens.  The 
approach  was  used  to  simulate  the  crack  growth  behavior  of  304L  and  AL-6XN  stainless  steels. 
The  results  shown  in  Figs  92-100  reveal  a  rather  good  prediction. 
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It  should  be  stressed,  that  the  approach  under  discussion  used  in  the  current  investigation  for 
the  crack  growth  prediction  is  fundamentally  different  from  the  commonly  used  methods  where  a 
stress  intensity  factor  or  J  -integral  is  used.  There  are  three  major  features  that  distinguish  the 
current  approach  from  the  traditional  methods.  The  stress  intensity  factor  was  developed  to 
avoid  the  stress  and  strain  singularity  of  the  material  at  the  crack  tip.  The  stress  intensity  factor 
is  based  on  the  elastic  deformation  concept  and  it  is  a  bulk  measure  of  the  stressing  severity  of 
the  material  near  the  crack  tip  upon  the  application  of  the  external  loading.  It  has  been  well 
known  that  while  the  stress  intensity  factor  can  be  used  to  deal  with  the  cases  with  constant 
amplitude  loading,  modifications  and  additional  coefficients  have  to  be  added  in  order  to 
consider  such  factors  as  the  notch  effect,  the  R  -ratio  effect,  and  effects  of  variable  amplitude 
loading.  As  a  result,  many  constants  are  introduced  and  they  are  determined  by  best  fitting  the 
experimentally  obtained  crack  growth  data.  The  methods  tend  to  become  a  curve  fitting 
technique  instead  of  predictions.  T  he  current  approach  attempts  to  use  the  local  stress  and  strain 
directly  for  the  fatigue  damage  assessment.  Therefore,  no  crack  growth  experimental  data  is 
used  for  the  determination  of  the  material  constants  in  the  models. 

Traditionally,  crack  initiation  is  modeled  using  the  continuum  mechanics  method  where 
stress  and  strain  are  used  to  access  fatigue  damage.  A  separate  model,  often  based  on  the  stress 
intensity  factor  concept,  is  needed  to  deal  with  the  crack  growth.  In  order  to  use  the  fracture 
mechanics  approach  for  the  crack  growth  prediction,  an  initial  crack  length  or  an  initiation  crack 
length  must  be  defined.  Since  the  predicted  crack  propagation  life  is  very  sensitive  to  the  initial 
crack  length,  the  definition  of  the  crack  initiation  size  is  more  to  fit  the  experimental  data  than  to 
have  a  physical  base,  or  rather,  the  initial  crack  size  characterizing  crack  initiation  in  the 
traditional  methods  is  a  fitting  constant.  Within  the  fatigue  approach  discussed  in  the  current 
investigation  the  integrated  consideration  of  the  crack  initiation  and  crack  growth  is  employed. 
One  single  fatigue  criterion  is  used  for  both  crack  initiation  and  crack  propagation.  The  unified 
consideration  allows  for  a  seamless  transition  from  crack  initiation  to  crack  growth  without 
necessity  to  define  a  crack  initiation  crack  size. 

For  the  prediction  of  crack  growth,  a  separate  criterion  is  generally  needed  for  the 
determination  of  the  crack  growth  direction.  For  example,  a  minimum  strain  energy  density 
factor  theory  [86-88]  specifies  that  the  fatigue  crack  growth  rate  is  related  to  the  range  of  the 
strain  energy  density  but  the  crack  growth  direction  is  determined  by  the  minimum  strain  energy 
density  factor  with  respect  to  the  orientation  of  the  material  plane  in  a  loading  cycle.  Within  the 
maximum  tangential  stress  approach,  the  crack  growth  rate  is  assumed  to  be  related  to  an 
effective  stress  intensity  factor  range  while  the  crack  growth  direction  is  determined  by  using  a 
maximum  tangential  stress  criterion  [89],  By  using  the  critical  plane  multiaxial  fatigue  criterion, 
Eq.(10),  the  current  approach  predicts  the  crack  growth  rate  and  the  crack  growth  direction  in  an 
integrated  manner.  The  fatigue  criterion  determines  the  critical  plane  where  the  cracking  surface 
is  to  be  formed  and  the  stress  and  strain  quantities  on  the  critical  plane  determine  the  crack 
growth  rate.  The  approach  was  used  to  predict  with  success  the  cracking  direction  under  a 
loading  condition  involving  change  in  loading  directions  [90]. 
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CONCLUSIONS 


A  systematic  experimental  investigation  was  conducted  on  the  fatigue  behavior  of  7075- 
T651  aluminum  alloy.  The  following  conclusions  were  obtained  from  the  study, 

1)  The  mean  stress  has  a  significant  effect  on  fatigue  life. 

2)  Fatigue  damage  was  found  to  occur  under  compression-compression  loading. 

3)  The  material  displays  shear  cracking,  mixed  cracking,  and  tensile  crack  behavior 
dependent  on  the  loading  magnitude. 

4)  The  Smith,  Watson,  and  Topper  (SWT)  fatigue  criterion  can  predict  the  fatigue  life  well 
for  most  of  the  experiments  except  those  with  very  low  or  negative  maximum  stresses. 
However,  the  SWT  parameter  does  not  predict  correctly  the  cracking  behavior  for  most 
of  the  specimens. 

5)  A  modified  SWT  criterion  combines  the  normal  and  shear  components  of  the  stresses  and 
strains  on  material  planes.  The  modified  criterion  significantly  improves  the  predictions 
of  the  fatigue  life  and  cracking  behavior. 

6)  Comprehensive  crack  growth  experiments  were  conducted  on  7075T651  aluminum  alloy. 
The  influences  of  the  R  -ratio,  overloading,  underloading,  and  high-low  sequence  loading 
were  experimentally  studied. 

7)  An  effective  fatigue  crack  driving  force,  (Amax  )“(AA'+)''a  defined  by  Kujawski  can 

correlate  well  the  fatigue  growth  rate  for  the  effect  of  different  R  -ratio  when  the  R  -ratio 
was  in  the  range  of  -2  to  0.5. 

8)  The  retardation  of  fatigue  crack  growth  rate  after  a  single  overloading  or  after  reducing 
the  loading  amplitude  in  a  high-low  sequence  loading  was  very  significant.  However,  the 
acceleration  of  crack  growth  rate  after  a  single  underloading  was  not  significant. 

9)  A  modified  Wheeler’s  model  based  on  the  evolution  of  remaining  influencing  plastic 
zone  can  very  well  predict  the  influence  of  overloading  and  high-low  sequential  loading 
on  the  fatigue  crack  growth. 


Work  on  AISI  304L  stainless  steel  results  in  the  following  conclusions, 

1)  The  crack  growth  of  the  material  is  sensitive  to  the  A-ratio  based  upon  the  traditional 
da  /  dN  -  A K  representation; 

2)  The  application  of  a  single  tensile  overload  in  an  otherwise  constant-amplitude  loading 
history  results  in  a  short  period  of  acceleration  in  crack  growth  followed  by  a  significant 
crack  growth  retardation; 

3)  The  application  of  a  compressive  overload  (underload)  results  in  a  short-lived  period  of 
acceleration  in  crack  growth  right  after  underloading;  The  magnitude  of  such  an 
acceleration  depends  on  the  loading  amplitude  applied  during  the  constant-amplitude 
loading; 
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4)  A  higher  loading  amplitude  followed  by  a  lower  loading  amplitude  in  a  two-step  loading 
sequence  has  no  effect  on  the  crack  growth  if  the  maximum  load  in  the  two  loading  steps 
is  the  same; 

5)  In  a  two-step  high-low  loading  experiment,  the  first  loading  step  has  a  significant 
influence  on  the  subsequence  crack  growth  in  the  second  loading  step  if  the  minimum 
load  or  the  /?-ratio  is  the  same  in  the  two  loading  step.; 

6)  The  parameter  combing  AK+  and  Xmax  demonstrates  a  good  correlation  with  the 

experimental  results  for  the  ^-ratio  effect.  The  effects  of  overloading  and  high-low 
sequence  loading  can  be  reasonably  modeled  using  a  modified  Wheeler's  model  in  which 
a  delay  retardation  parameter  is  introduced. 

7)  An  approach  was  applied  for  the  prediction  of  the  fatigue  behavior  of  notched  members 
under  constant-amplitude  loading  and  step  loading.  Elastic-plastic  stress  analysis  was 
conducted  to  determine  the  detailed  stress  and  strain  in  the  notched  and  cracked 
component.  The  application  of  a  multiaxial  fatigue  criterion  using  the  stress  and  strain 
outputted  from  the  numerical  stress  analysis  resulted  in  the  prediction  of  the  fatigue 
initiation  and  crack  growth  rate.  With  the  material  constants  determined  solely  from 
testing  the  smooth  specimens,  the  crack  initiation  and  the  crack  growth  of  a  notched 
member  can  be  properly  modeled. 


The  results  obtained  from  studying  AL6-XN  stainless  steel  lead  to  the  following  conclusions, 

1)  The  material  displays  significant  nonproportional  hardening  and  overall  cyclic  softening. 

2)  With  identical  equivalent  strain  amplitude,  the  fatigue  life  under  pure  torsion  is  higher 
than  that  under  tension-compression,  and  the  90"  out-of  phase  strain-controlled  axial- 
torsion  fatigue  experiment  y  ields  the  lowest  fatigue  life. 

3)  Two  distinct  regimes  in  the  strain-life  curve  under  pure  torsion  loading  can  be  identified: 
one  corresponding  to  tensile  cracking  and  the  other  corresponding  to  mixed  cracking 
mode.  The  two  regimes  are  separated  by  a  transition  zone  characterized  by  a  plateau  in 
the  strain-life  curve. 

4)  The  observed  intragranular  crack  growth  contributes  to  the  higher  fatigue  resistance  of 
the  AL6-XN  alloy  as  compared  to  the  traditional  300-series  stainless  steels. 

5)  Three  different  critical  plane  multiaxial  fatigue  criteria  were  evaluated  based  upon  the 
experimental  results  obtained  from  the  AL6-XN  alloy.  While  the  SWT  and  FSK.  models 
provide  fatigue  life  predictions  in  reasonable  agreement  with  the  experimental 
observations,  they  cannot  properly  predict  the  dependence  of  the  cracking  behavior  on 
the  loading  magnitude. 

6)  The  Jiang  criterion  can  predict  the  fatigue  cracking  behavior  of  the  AL6-XN  steel  in  the 
most  accurate  way  but  the  fatigue  life  prediction  is  less  desirable. 

7)  The  models  have  a  difficulty  to  describe  the  fatigue  behavior  of  the  material  under  pure 
shear  loading. 

8)  The  crack  growth  of  AL6-XN  is  sensitive  to  the  /?-ratio. 
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9)  Crack  propagation  is  observed  to  be  intragranular. 

10)  The  application  of  a  single  tensile  overload  in  an  otherwise  constant  amplitude  loading 
results  in  a  significant  crack  growth  retardation. 

1  l)The  application  of  a  compressive  overload  (underload)  can  result  in  a  short-lived  period 
of  acceleration  in  crack  growth  right  after  underloading. 

12)  A  higher  loading  amplitude  followed  by  a  lower  loading  amplitude  in  a  two-step  loading 
sequence  has  no  effect  on  the  crack  growth  if  the  maximum  load  in  the  two  loading  steps 
are  identical. 

13)  In  a  two-step  high-low  loading  experiment,  the  first  loading  step  has  a  significant 
influence  on  the  subsequence  crack  growth  in  the  second  loading  step  if  the  minimum 
load  or  the  -ratio  is  the  same  in  the  two  loading  step. 

14)  The  parameter  combing  AA^+  and  A^max  demonstrates  a  good  correlation  with  the 

experimental  results  for  the  tf-ratio  effect.  The  effects  of  overloading  and  high-low 
sequence  loading  can  be  reasonably  modeled  using  a  modified  Wheeler’s  model 
considering  the  plastic  zone  size. 


The  following  conclusions  can  be  made  based  upon  the  results  obtained  from  studying  A1S1 
4340  VM  steel, 

1)  The  material  displays  overall  cyclic  softening  under  cyclic  loading. 

2)  With  identical  equivalent  strain  amplitude,  the  fatigue  life  under  pure  torsion  is  higher 
than  that  under  tension-compression  in  the  low-cycle  fatigue.  The  torsion  and  tension- 
compression  S-N  curves  merge  together  in  high  cycle  fatigue  part. 

3)  The  cyclic  stress-strain  curve  shows  a  distinct  plateau.  Non-Masing  behavior  was 
observed  for  this  material. 

4)  Cracks  in  smooth  un-notched  specimens  formed  consistently  on  planes  of  maximum 
shear  in  pure  torsion  and  were  oriented  and  approximately  24°  with  respect  to  the  vertical 
axis  of  a  specimen  when  tested  in  fully  reversed  tension-compression. 

5)  The  crack  growth  of  4340  VM  is  sensitive  to  the  tf-ratio.  The  7?-ratio  effect  is  especially 
pronounced  in  the  near  threshold  crack  growth  and  diminishes  with  increasing  AK , 
which  results  in  “fan-shaped”  curves  of  crack  growth  rate. 

6)  The  application  of  a  single  tensile  overload  in  an  otherwise  constant  amplitude  loading 
results  in  crack  growth  retardation.  The  short  period  of  significant  acceleration  of  crack 
growth  can  be  observed  immediately  after  application  of  overload. 

7)  A  higher  loading  amplitude  followed  by  a  lower  loading  amplitude  in  a  two-step  loading 
sequence  has  no  effect  on  the  crack  growth  if  the  maximum  load  in  the  two  loading  steps 
are  identical. 

8)  In  a  two-step  high-low  loading  experiment,  the  first  loading  step  has  a  significant 
influence  on  the  subsequence  crack  growth  in  the  second  loading  step  if  the  minimum 
load  or  the  ^?-ratio  is  the  same  in  the  two  loading  step. 
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